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Abstract 

Ceramic  matrix  composites  (CMCs)  derive  their  exceptional  high-temperature 
properties  from  the  mechanical  properties  of  their  fiber  and  matrix  constituents.  SiC- 
based  CMCs  have  better  high-temperature  properties  and  significantly  outperform 
oxide  CMCs  in  creep  resistance.  This  is  particularly  significant  in  applications  where 
excessive  creep  can  be  catastrophic,  such  as  is  the  case  with  turbine  fan  blades.  If 
CMCs  are  to  be  safely  used  in  advanced  aerospace  applications,  such  as  turbine  en¬ 
gines,  their  durability  at  elevated  temperatures  and  in  harsh  environments  must  be 
assured.  To  this  end,  a  thorough  understanding  of  degradation  and  failure  mecha¬ 
nisms  in  SiC  fibers  under  these  conditions  is  imperative.  This  research  effort  inves¬ 
tigated  the  mechanical  behavior  of  Hi-Nicalon™  Type  S  fiber  tows,  a  new  type  of 
SiC  fiber  with  great  potential  for  aerospace  applications,  in  air  and  in  silicic  acid- 
saturated  steam  environments  at  800°C.  A  facility  was  designed,  built  and  validated 
that  successfully  resolved  problems  highlighted  by  previous  attempts  to  study  SiC 
fibers  in  steam.  Monotonic  tension  and  creep  tests  were  conducted  to  characterize 
the  fibers  and  results  were  compared  to  previous  work.  Environmentally  assisted 
(subcritical)  crack  growth  (EACG)  has  been  shown  to  cause  the  tensile  strength  of 
ceramic  fiber  tows  to  increase  with  applied  stress  rate.  The  tensile  strength  of  the 
fibers  in  this  work  showed  little  dependence  on  applied  stress  rate,  indicating  a  resis¬ 
tance  to  EACG.  Silicic  acid-saturated  steam  had  a  degrading  effect  on  the  mechanical 
performance  of  the  fibers,  but  much  less  than  unsaturated  steam  environments.  The 
Monkman-Grant  relationship  was  demonstrated  for  Hi-Nicalon1  AI  S  fibers  and  may 
be  used  to  predict  creep  lifetime  of  fibers,  fiber  tows,  and  CMCs.  Microstructural 
analysis  showed  a  dependence  of  oxide  thickness  on  applied  stress. 
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CREEP  OF  HI-NICALON™  S  CERAMIC  FIBER  TOWS 
AT  800°C  IN  AIR  AND  IN  SILICIC  ACID-SATURATED  STEAM 


I.  Introduction 

1.1  Organization  of  Dissertation 

In  the  first  chapter  of  this  prospectus,  an  overview  of  the  history  of  ceramic  com¬ 
posite  materials  is  presented,  with  an  emphasis  on  their  use  in  engineering  applica¬ 
tions.  The  motivation  for  the  current  research  and  the  problem  statement  are  then 
given.  An  introduction  to  the  material  and  to  the  experimental  methodology  are  also 
provided. 

Chapter  two  provides  a  general  background  of  engineered  ceramic  matrix  com¬ 
posites  and  the  research  conducted  in  this  held  to  date.  A  detailed  description  of 
the  experimental  methods  and  facilities  is  given  in  chapter  three  for  this  research. 
Concluding  remarks  are  offered  in  chapter  four. 

1.2  Ceramic  Composite  Materials 

Since  the  dawn  of  time,  mankind  has  used  its  gifts  of  reason  and  intellect  to  con¬ 
tinuously  find  more  effective  and  efficient  ways  of  accomplishing  its  desires.  Whether 
driven  by  survival  instincts,  grand  visions  of  a  better  world,  or  something  in  between, 
mankind  has  succeeded  time  after  time  in  hireling  a  better  way,  improving  on  what 
has  been  done  in  the  past.  This  has  led  to  the  countless  process,  design,  and  material 
improvements  that  add  up  to  the  world  as  it  is  today.  Looking  back,  it  is  clearly  ev¬ 
ident  that  the  development  of  new  materials  and  new  material  processing  techniques 
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has  been  a  large  part  of  what  has  happened  since  the  invention  of  hand  tools  and  the 
wheel.  Indeed,  history  is  marked  by  these  material  developments:  the  Stone  Age,  the 
Bronze  Age,  and  the  Iron  Age. 

This  legacy  continues  today,  with  more  emphasis  than  ever  on  materials  develop¬ 
ment.  As  the  performance  limits  of  monolithic  materials  have  been  reached  in  many 
engineering  applications  over  the  past  century,  materials  scientists  and  engineers  have 
had  to  develop  ways  of  combining  different  materials  to  achieve  desired  properties. 
As  one  author  put  it,  “The  world  is  currently  at  a  time  where  technology  is  driven 
by  harnessing  the  individual  performance  characteristics  of  two  or  more  constituent 
materials  in  a  synergistic  mass,  [sic]  hence  what  may  be  called  ‘The  Composite  Age”’ 
[!]• 

Due  to  the  somewhat  ambiguous  nature  of  the  term  “composites,”  it  is  helpful  to 
clarify  what  is  meant  by  the  term.  Clauser  gives  a  good  definition,  “...a  mixture  of 
macroscopic  phases  that  are  composed  of  materials  in  a  divided  state  that  generally 
differ  in  form  or  in  chemical  composition  or  in  both”  [2],  The  emphasis,  here,  is  on 
the  macroscopic  phases  of  the  material,  and  not  the  microstructure. 

Designs  that  use  composite  materials  to  accomplish  this  synergistic  combination  of 
individual  properties  have  appeared  throughout  history.  One  of  the  earliest  recorded 
instances  is  that  of  Egyptian  brick  making.  As  far  back  as  approximately  1500  BC, 
Egyptians  added  straw  to  clay  for  bricks  [3].  This  method  achieved  the  desired 
strength  of  the  bricks  without  the  need  to  fire  them  in  a  kiln,  enabling  the  Egyptians  to 
build  structures  that  have  lasted  for  millennia  [4] .  Another  recorded  use  of  composite 
materials  is  by  the  Mongols  of  Genghis  Khan  to  make  bows  in  the  12th  century  AD. 
In  this  case,  layers  of  cattle  tendon  and  horn  were  placed  on  opposite  sides  of  bamboo 
and  affixed  using  a  wrapping  made  of  silk  and  pine  rosin  [2,  5,  6].  Recently,  some 
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surviving  bows  of  this  period  were  restrung  and  tested,  coming  it  at  an  impressive 
80%  (approximately)  of  the  strength  of  composite  bows  of  today  [6]. 

Despite  these  and  other  examples,  the  vast  majority  of  materials  development 
in  history  has  focused  on  naturally  occurring  and  monolithic  materials,  rather  than 
composites,  up  until  the  latter  half  of  the  19th  century  and  particularly  in  the  20th 
century.  Early  examples  of  composites  in  the  late  1800’s  are  reinforced  concrete, 
laminated  wood  (plywood),  linoleum,  and  plasterboard  [2],  However,  it  was  the  rise 
of  the  aircraft  industry  that  caused  composite  material  development  to  take  off  and 
World  War  11  that  caused  an  explosion  in  the  industrial  development  and  production 
of  composites.  In  the  late  1930’s,  Douglas  Aircraft  used  fiberglass  with  phenolic  resin 
to  make  reinforced  plastic  dies  for  forging  prototype  aircraft  parts  [536].  This  proved 
to  be  much  faster  and  easier  than  the  traditional  metal  dies  and  use  of  reinforced 
plastic  in  other  aircraft  tooling  soon  followed.  The  1930 ’s  and  1940 ’s  also  saw  the 
advent  of  honeycomb  structures  and  Glass  Fiber  Reinforced  Plastic  (GFRP),  which 
became  commercially  viable  in  1939  [2,  7]. 

During  World  War  11,  aircraft  were  being  designed  and  manufactured  very  rapidly, 
almost  “on  the  fly.”  Ducting  tended  to  be  one  of  the  last  considerations  in  the  design 
process.  The  ducts  had  to  fit  in  to  whatever  space  was  left,  often  resulting  in  very 
complex  geometries  difficult  to  fabricate  out  of  traditional  materials  (metals).  Com¬ 
posites  were  used,  instead,  due  to  the  ease  of  manufacture  and  light-weight  [8].  Other 
aircraft  uses  for  composites  were  in  engine  nacelles  (light-weight),  radomes  (radar 
transparent),  and  in  one  instance,  even  a  wing  box  beam  (stiff,  light-weight).  Some 
non-aircraft  uses  were  cotton-phenolic  ship  bearings,  asbestos-phenolic  switchgears, 
cotton/asbestos-phenolic  brake  linings,  and  cotton-acetate  bayonet  scabbards  [8]. 

In  1942,  as  US  involvement  in  World  War  If  ramped  up,  there  began  to  be  a  con¬ 
cern  about  the  availability  of  metal  supplies  for  the  war  effort.  In  response  to  this  con- 
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cern,  the  US  Government  instructed  engineers  at  Wright  Field,  now  Wright-Patterson 
Air  Force  Base,  to  survey  composites  manufacturers  and  develop  best  practices,  rec¬ 
ognizing  that  composites  could  fill  supply  gaps  left  by  insufficient  metal  supplies  [8]. 
This  cemented  the  prominence  of  composites  in  modern  design  for  engineering  appli¬ 
cations. 

After  the  war,  cars  and  boats  began  to  be  made  with  composite  bodies,  but  it 
was  the  space  race  and  booming  aircraft  industry  that  continued  to  drive  compos¬ 
ite  material  development.  The  1950’s  and  1960’s  saw  rocket  motor  casings  made 
of  composites  using  filament  winding  [8],  metal  and  then  ceramic  rocket  nose  caps 
[9],  and  the  development  of  carbon,  boron,  and  aramid  (Kevlar™)  fibers  [8,  10]. 
According  to  Scala,  the  driving  factors  through  this  time  period  were  threefold:  a  de¬ 
mand  for  lighter  weight,  stiffer  material,  a  strong  US  economy,  and  solid-state  theory 
predictions  that  materials  with  extremely  high  tensile  strength  and  elastic  modulus 
(crystals)  were  possible  [9]. 

Since  1965,  when  the  United  States  Air  Force  (USAF)  embarked  on  a  major 
effort  to  turn  high-performance  fiber  composites  into  a  reality  [2],  the  Air  Force  and 
its  partners  have  been  at  the  forefront  of  composite  material  development  for  high- 
performance  engineering  applications.  Composites  have  been  used  extensively  in  both 
military  and  commercial  transport  aircraft.  Figures  1  and  2  show  the  progression  of 
composite  use  in  aircraft  in  the  past  50  years. 

Though  composites  got  their  start  in  the  defense  and  aerospace  industries,  the 
majority  of  the  market  in  the  21st  century  is  not  in  defense  and  aerospace.  As 
reported  by  Strong  in  2002: 

“...the  largest  market  is  still  in  transportation  (31%),  but  construc¬ 
tion  (19.7%),  marine  (12.4%),  electrical/electronic  equipment  (9.9%),  con¬ 
sumer  (5.8%),  and  appliance/business  equipment  are  also  large  markets. 

The  aircraft /aerospace  market  represents  only  0.8%[,]  which  is  surprising 
in  light  [of]  its  importance  in  the  origins  of  composites.”  [8] 
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This  shift  in  market  share  illustrates  commercialization  of  composite  materials  and 
the  comparatively  low  output  of  defense  and  aerospace  applications. 


Figure  1.  Composites  Use  in  Military  Aircraft.  Note  the  dramatic  increase  in  just  30 
years.  Reproduced  from  [11]. 
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Figure  2.  Composites  Use  in  Commercial  Transport  Aircraft.  Again,  note  the  dramatic 
increase  in  the  past  50  years.  The  Boeing  787  did  indeed  reach  50%  composites  by 
weight.  Reproduced  from  [11]. 


As  mentioned  earlier,  one  of  the  motivations  for  the  development  of  composites 
was  the  demand  for  lighter,  stiffer  materials,  particularly  ones  that  could  maintain 
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their  properties  at  high  temperatures  and  in  corrosive  environments.  This  demand 
drove  research  and  development  toward  ceramics  with  some  success.  Engineered  ce¬ 
ramics  have  been  used  in  structural  components  in  harsh  environments  like  gas  turbine 
engines,  exhaust  nozzles,  space,  nuclear  power  plants,  and  biomedical  [4,  12].  How¬ 
ever,  although  exhibiting  excellent  corrosion  resistance,  high-temperature  strength, 
low  density,  and  high  stiffness,  monolithic  ceramics  are  particularly  susceptible  to 
sudden  brittle  fracture. 

Another  driver  was  theoretical  predictions  of  materials  with  extremely  high  tensile 
strength  and  clastic  modulus,  i.e.  orders  of  magnitude  higher  than  current  materials. 
Materials  with  properties  approaching  these  theoretical  predicted  values  have  been 
demonstrated  with  single  crystal  and  glass  ceramics,  but  only  on  a  such  a  small 
scale  as  to  make  them  impractical.  At  larger  scales,  it  becomes  quite  challenging 
to  eliminate  flaws.  In  the  presence  of  small  flaws,  not  only  will  monolithic  ceramics 
experience  catastrophic  failure  as  depicted  in  Figure  3,  but  they  will  fail  at  stresses 
much  lower  than  theoretical  predicted  values. 

Producing  ceramics  of 
any  useful  size  without 
these  flaws  has  proven  an 

elusive  goal.  As  a  re-  $ 

°  a> 

k_ 

suit,  the  research  for  the  ^ 

last  few  decades,  espe¬ 
cially  for  advanced  engi¬ 
neering  applications,  has 

focused  on  finding  ways  Figure  3.  Notional  comparison  of  stress-strain  behaviors 

of  a  monolithic  ceramic  and  a  CMC,  reproduced  from  [4] 

to  decrease  the  suscepti¬ 
bility  to  flaws,  leading  to  the  development  of  Ceramic  Matrix  Composites  (CMCs). 
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CMCs  have  successfully  bridged  the  gap,  maintaining  sufficient  flaw  tolerance  (tough¬ 
ness  or  damage  tolerance)  to  avoid  sudden  catastrophic  failures  and  fail  gracefully 
(Figure  3),  while  still  providing  the  desired  strength,  weight,  and  high-temperature 
properties  [13],  as  shown  in  Figure  4. 


Figure  4.  Strength-to-weight  ratios  of  engineering  materials  for  aerospace  applications. 
Note  the  significant  improvement  of  CMCs  over  traditional  materials  at  high  tempera¬ 
tures.  Reproduced  from  [13],  pg.  410,  Copyright  ©2004,  with  permission  from  Elsevier 
and  from  the  original  author  [14]. 

CMCs  are  prime  candidates  for  applications  such  as  hypersonic  aircraft,  rockets, 
jet  and  gas  turbine  engines,  spacecraft  shielding,  fusion  reactors,  furnaces  for  heat 
treatment,  and  aircraft  brakes  [12,  15-17].  Indeed,  as  of  2001,  CMCs  were  being 
evaluated  for  use  in  various  parts  of  hypersonic  aircraft  including  leading  edges,  nose 
sections,  inlet  cowlings,  and  nozzles  [15].  Use  in  engines  can  result  in  increased  fuel 
efficiency  and  the  elimination  of  cooling  systems  [12,  18].  Other  applications  are  listed 
in  Table  1. 
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Table  1.  Applications  of  Continuous  Fiber  Ceramic  Composites,  reproduced  from  [15] 


Applications 

N. 

Continuous  Fiber  CMCs 

Sectors 

• 

F414  and  F110 

• 

Orbital  Transfer 

• 

Turboramjet 

Nozzle  Flaps  and 

Engine  Thrusters 

Variable  Area 

Seals 

• 

Low  Cost  Large 

Nozzles 

• 

F1 17  Aft  Deck  Heat 

Rocket  Thruster 

• 

Surveillance  OTV 

Shields 

(Million  Pound) 

Thrusters 

MILITARY 

• 

Engine  Vanes 

Heavy  Lift  Launch 

• 

Hypersonic  Leading 

• 

Flame  Holders 

• 

Tactical  Missile 

Edges,  Inlet 

Combustors,  Rotors 

Cowlings  and 

• 

Divert  and  Attitude 

Nozzles 

Control  Thrusters 

• 

Linear  Aerospike 
Engine,  Thrust 

Cells  and  Ramp 

• 

Heat  Exchangers 

• 

MDH  Air  Preheater 

• 

Diesel  Components 

Commercial/Dual 

• 

Radiant  Burner 

Tubes 

• 

Valve  Guides 

Use 

Tubes 

• 

Immersion  Heaters 

• 

Pistons 

• 

Land-Based  Gas 
Turbines 

• 

Seal-less  Magnetic 
Pumps 

• 

Turbocharger 

Rotors 

• 

Candle  Filters 

• 

Motorcycle  Brakes 

There  are  two  types  of  CMCs:  Discontinuous  Reinforced  and  Continuous  Fiber. 
Discontinuous  CMCs  are  reinforced  with  particulate,  platelet,  whisker,  fiber  and  in 
situ  second  phases  [15]  and  tend  to  be  somewhat  limited  in  their  benefits  over  mono¬ 
lithic  materials  [17].  Continuous  Fiber  Ceramic  Composites  (CFCCs),  though  more 
expensive,  are  in  general  significantly  better  than  their  monolithic  counterparts  [17]. 
Table  2  breaks  CFCCs  into  carbon  fiber  reinforced  carbon  composites  and  other  con¬ 
tinuous  fiber  ceramic  composites  and  lists  the  differing  characteristics  of  the  various 
types  of  CMCs.  Though  discontinuous  CMCs  can  reach  strengths  approaching  1000 
MPa  (145  ksi),  two  to  three  times  that  of  CFCCs,  their  fracture  toughness  is  approx¬ 
imately  one  third  that  of  CFCCs  [15].  As  a  result,  designs  of  advanced  CMCs  for 
harsh  environments  overwhelmingly  favor  CFCCs,  and  this  will  be  the  focus  moving 
forward. 

Fibers  are  generally  classified  into  oxide  and  non-oxide  categories.  Whereas  oxide 
fibers  are  much  more  resistant  to  oxidizing  and  corrosive  environments  than  non- 


Table  2.  Characteristics  of  Ceramic  Matrix  Composites,  reproduced  from  [15] 


Carbon-Carbon 

Continuous  CMCs 

Discontinuous  CMCs 

Exceptional  High  Temp  Mech 
Properties 

Excellent  High  Temp  Mech. 
Properties 

Excellent  High  Temp  Mech 
Properties 

High  Specific  Strength  and 

Stiffness 

High  Fracture  Toughness 

High  Specific  Strength  and 

Stiffness 

High  Fracture  Toughness 

High  Specific  Strength  and 

Stiffness 

Higher  Useful  Strengths. 

Dimensional  Stability 

Low  Thermal  Expansion 

Dimensional  Stability 

Low  Thermal  Expansion 

Fracture  Toughness  Good  but 
Inferior  to  Continuous  CMCs 

High  Thermal  Shock  Resistance 
Graceful  Failure  Modes 

Good  Thermal  Shock  Resistance 
Graceful  Failure  Mode 

Thermal  Shock  Resistance 

Inferior  to  Continuous  CMCs 

Tailorable  Properties 

Machinability 

Poor  Oxidation  Resistance 

Oxidation  Resistance 

Machining  More  Difficult 
Processing  More  Complicated 
and  Expensive 

Amenable  to  Cheaper 

Conventional  Processes 

Machining  Expensive 

oxide  fibers,  non-oxide  fibers  tend  to  have  better  strength  and  creep  characteristics 
and  better  thermal  conductivity,  especially  at  high  temperatures  [19,  20].  Examples 
of  oxide  fibers  are  silica  (SiC^)  and  alumina  (AI2O3).  Examples  of  non-oxide  fibers 
include  carbon  (C),  silicon  carbide  (Silicon  Carbide  (SiC))  and  silicon  nitride  (Silicon 
Nitride  (S^N^). 

CFCCs  achieve  improved  flaw/damage  tolerance  over  monolithic  ceramics  by  en¬ 
abling  cracks  to  propagate  without  sudden  catastrophic  failure.  They  accomplish  this 
by  deflecting  cracks  propagating  through  the  matrix  around  the  reinforcing  fibers  and 
by  mechanically  isolating  fibers  from  one  another,  allowing  them  to  fail  individually 
over  time  and  not  all  together,  as  happens  in  a  brittle  failure,  as  shown  in  Figure  5a. 
When  cracks  are  deflected  around  the  fibers,  debonding  of  the  fiber-matrix  interface, 
crack  bridging,  and  fiber  pullout  occur,  resulting  in  additional  energy  absorption  and 
higher  overall  energy  required  to  cause  failure  (i.e.  greater  toughness)  [12]. 

Crack  deflection  and  fiber  isolation  have  been  accomplished  in  multiple  ways, 
the  more  common  of  which  are  through  fiber  coating  or  the  use  of  a  porous  matrix 
[4,  16].  Fiber  coating  was  a  serendipitous  discovery  by  Prewo  and  Brennan  while 
using  Nicalon™  fibers  to  reinforce  a  borosilicate  matrix  [21,  22],  By  applying  a  thin 
coating  to  the  reinforcing  fiber,  a  relatively  weak  interface  bond  is  created  between 
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the  coated  fiber  and  the  matrix.  While  the  matrix  is  able  to  transfer  load  to  the 


fibers,  this  bond  is  sufficiently  weak  to  allow  the  matrix  to  debond  from  the  fiber  in 
the  presence  of  an  advancing  crack  tip,  thereby  deflecting  the  crack  along  or  around 
the  fiber,  rather  than  allowing  the  crack  to  proceed  through  the  fiber  [4,  12,  16]. 
Since  the  fiber  remains  intact,  so  does  its  load-carrying  capability.  This  behavior  is 
depicted  in  Figure  5b  and  Figure  6a.  A  secondary  benefit  to  this  method  is  that  the 
coating  can  also  protect  the  fiber  from  corrosive  and  oxidizing  environments,  thus 
prolonging  the  life  of  the  fiber  and,  hence,  the  CMC. 


interface 

(a) 


(b) 


Figure  5.  Failure  of  CFCCs  showing  crack  propagation  for  strong  and  weak  interface 
bonding.  Reproduced  with  kind  permission  from  Springer  Science  &;  Business  Media 
B.V.  [12]  pg.  148,  Chapter  5:  Interface,  Figure  5.6.  Copyright  ©2003  by  Kluwer 
Academic  Publishers.  All  rights  reserved.  No  part  of  this  work  may  be  reproduced, 
stored  in  a  retrieval  system,  or  transmitted  in  any  form  or  by  any  means,  electronic, 
mechanical,  photocopying,  microfilming,  recording  or  otherwise,  without  the  written 
permission  from  the  Publisher,  with  the  exception  of  any  material  supplied  specifically 
for  the  purpose  of  being  entered  and  executed  on  a  computer  system,  for  exclusive  use 
by  the  purchaser  of  the  work. 


The  second  approach  to  damage  tolerant  design  of  CMCs  eliminated  the  need 
for  a  weak  fiber-matrix  interface  and,  thus,  a  fiber  coating.  This  approach  is  helpful 
because  of  the  challenges  involved  in  the  uniform  application  of  coatings  to  fibers,  and 
particularly  so  for  oxide  fibers  because  coatings  that  meet  the  requirements  for  oxide 
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fibers  have  not  been  widely  developed  [16].  This  method  employs  a  porous  matrix, 
as  seen  in  Figure  6b,  rather  than  the  dense  matrix  of  the  CMCs  designed  using  the 
fiber  coating  approach.  Here,  a  balance  is  struck  such  that  the  matrix  is  sufficiently 
strong  to  transfer  load  to  the  fibers  and  to  support  off-axis  loads,  but  weak  enough 
that  it  takes  less  energy  for  a  propagating  crack  to  deflect  around  a  fiber,  staying 
within  the  matrix,  than  it  would  to  continue  through  the  fiber  [4,  16].  However,  it  is 
not  straightforward  to  achieve  this  balance. 


(I)  Matrix  (II)  Local  (#)  Coalescence  Into 

Mie  roc  racking  Fiber  Failure  'Bundle  Crack” 

(b)  Porous  Matrix  Concept 


Figure  6.  Design  Methods  for  Damage  Tolerant  CMCs:  a)  fiber  coating  with  weak 
fiber/matrix  interface  and  b)  porous  matrix  [16],  reproduced  with  permission  from 
Wiley. 

Much  progress  has  been  made  in  developing  damage  tolerant  CMCs  using  both  of 
these  approaches.  The  fiber  coating  approach  is  typically  employed  to  produce  non¬ 
oxide  fiber/non-oxide  matrix  CMCs,  whereas  the  porous  matrix  approach  is  used  to 
produce  oxide-oxide  CMCs.  Generally  speaking,  the  fiber  coating  approach,  which 
has  been  explored  widely  for  SiC  fibers,  yields  CMCs  with  superior  high-temperature 
properties,  particularly  with  respect  to  creep,  but  the  porous  matrix  method  is  more 
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affordable  [16].  This  same  comparison  is  true  for  non-oxide  and  oxide  CMCs.  Non¬ 
oxide  fiber /non-oxide  matrix  CMCs  consistently  outperform  oxide-oxide  CMCs  in 
strength  and  creep  at  high  temperatures,  but  they  are  more  expensive  and  highly 
susceptible  to  oxidizing  and  corrosive  environments. 

1.3  Motivation 

Ceramic  matrix  composites  derive  their  exceptional  high-temperature  properties 
from  the  mechanical  properties  of  their  fiber  and  matrix  constituents  and  from  the 
manner  in  which  those  constituents  are  joined  to  make  the  CMC.  Oxide  materials  are 
naturally  resistant  to  oxidation,  which  enables  them  to  retain  their  high-temperature 
properties  better  than  non-oxide  materials  that  are  more  susceptible  to  oxidation. 
However,  coatings  have  been  developed  that  shield  non-oxide  fibers  from  the  oxidizing 
environment  and  slow  their  oxidation. 

Non-oxide  materials  have  better  overall  high-temperature  properties  and  signifi¬ 
cantly  outperform  oxide  materials  in  creep  resistance.  This  is  particularly  significant 
in  applications  where  excessive  creep  can  be  catastrophic,  such  as  is  the  case  with 
turbine  fan  blades.  The  rotation  of  the  turbine  creates  a  tensile  load  within  each  fan 
blade.  Over  time,  the  total  accumulated  creep  deformation  will  be  sufficient  for  the 
fan  blade  to  contact  the  wall  of  the  turbine,  causing  significant  wear  and  eventual 
fracture  of  the  fan  blade.  At  the  high  angular  velocity  of  turbines,  this  results  in 
significant  damage.  If  the  tensile  creep  rate  is  high,  the  fan  blades  must  be  replaced 
more  frequently  to  avoid  this  type  of  catastrophic  failure. 

If  CMCs  are  to  be  safely  used  in  advanced  aerospace  applications,  such  as  tur¬ 
bine  engines,  their  durability  at  elevated  temperatures  and  in  harsh  environments 
must  be  assured.  To  this  end,  a  thorough  understanding  of  degradation  and  failure 
mechanisms  in  non-oxide  fibers  under  these  conditions  is  imperative.  Previously,  two 
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preliminary  studies  were  conducted  by  Steffens  and  Shillig  at  the  Air  Force  Institute 
of  Technology  (AFIT),  on  the  creep  behavior  of  the  non-oxide  fiber  Hi-Nicalon™  S 
at  800  and  1100°C  [1]  and  at  800,  900,  1000,  and  1100°C  [23]  in  air  and  steam.  These 
efforts  provided  valuable  insight  into  the  facility  and  procedural  challenges  associated 
with  testing  this  non-oxide  fiber,  but  they  were  unable  to  resolve  those  challenges 
and  provide  significant  insight  into  the  mechanical  performance  and  oxidation  mech¬ 
anisms. 

Steffens  applied  the  test  methodology  developed  by  Armani  for  testing  of  oxide 
fiber  tows  [4]  to  test  SiC-based  fiber  tows  in  air  and  in  steam.  He  identified  problems 
with  the  steam  delivery  system  that  caused  all  of  the  test  specimens  to  fail  at  the 
steam  point  of  entry.  Steffens  recommended  testing  over  a  broader  range  of  test  tem¬ 
peratures  and  conducting  a  thorough  analysis  of  the  microstructure  of  tested  fiber 
tows.  Shillig  attempted  to  perform  both  of  these  tasks.  However,  Shillig’s  test  results 
were  inconsistent  with  those  obtained  previously  under  similar  load  and  environmen¬ 
tal  conditions.  In  addition,  sodium  and  aluminum  contaminants  were  detected  on 
many  of  the  fiber  tows  tested  in  steam  [23].  As  a  result,  it  was  not  possible  to  defini¬ 
tively  identify  creep  mechanisms  or  to  assess  creep  performance  of  the  fiber  tows. 
Nevertheless,  Shillig  was  able  to  solve  the  problem  with  the  steam  delivery  system  by 
modifying  the  feeding  tube  such  that  flow  of  the  steam  was  deflected  away  from  the 
fiber  tow,  rather  than  impinging  on  it.  This  modification  led  to  a  more  realistic  dis¬ 
tribution  of  fiber  failure  locations.  Post-test  microstructural  investigation  of  Steffens’ 
fiber  tow  specimens  revealed  that  the  effects  of  steam  on  fiber  microstructure  varied 
along  the  length  of  the  fiber  tow.  Specifically,  portions  of  the  fiber  tow  located  at  the 
top  of  the  hot  zone  were  affected  differently  than  those  at  the  bottom  of  the  hot  zone. 
The  steam  enters  at  the  bottom  and  travels  up  through  the  test  chamber  along  the 
fiber  tow.  The  hot  zone  consists  of  a  60  -  70  cm  portion  of  the  test  chamber  where  the 
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fiber  tow  temperature  is  uniform  at  the  test  temperature,  within  about  one  percent 
(5-10°C).  Fiber  degradation,  as  evidenced  by  pitting  and  cross-section  reduction, 
were  readily  apparent  at  the  lower  end,  whereas  no  significant  loss  of  cross-section 
was  apparent  in  the  upper  end.  The  observed  differences  suggest  that  the  steam  is 
chemically  altered  as  it  travels  along  the  fiber  tow,  leeching  Si  from  the  fiber  tow  and 
becoming  saturated  with  silicic  acid  (Si[OH]4)  as  it  reaches  the  top  of  the  hot  zone.  It 
is  thought  that  this  same  saturation  also  takes  place  in  the  operational  environment. 
As  steam  moves  along  the  surface  of  a  SiC-based  CMC  and  down  through  cracks 
in  the  surface,  it  becomes  saturated  with  silicic  acid.  This  would  suggest  that  the 
reinforcing  fibers  are  exposed  to  silicic-acid  saturated  steam,  rather  than  unsaturated 
steam.  Shillig  recommended  heating  the  steam  to  test  temperature  and  saturating  it 
with  Si  [OH]  4  before  it  enters  the  test  chamber,  but  did  not  test  his  recommendation. 

This  research  effort  aimed  to  solve  the  test  facility  and  methodology  problems 
that  Steffens  and  Shillig  identified  in  order  to  enable  meaningful,  repeatable  testing 
of  SiC  fiber  tows  at  elevated  temperature  in  air  and  in  steam.  It  was  proposed  to 
design,  develop,  build,  and  validate  a  test  facility  and  methodology  and  use  it  to 
evaluate  the  mechanical  performance,  creep  behavior,  and  creep  mechanisms  of  the 
non-oxide  fiber  Hi-Nicalon™  S  at  800°C  in  air  and  in  heated,  silicic  acid-saturated 
steam.  Mechanical  testing  of  SiC  fiber  tows  in  steam  at  elevated  temperatures  is 
not  a  trivial  matter.  Control  of  the  temperature  and  containment  of  the  corrosive 
high-temperature  steam  are  problematic.  The  two  main  challenges  to  overcome  were 
to  develop  an  approach  to  preheat  the  steam  to  test  temperature  and  to  saturate  the 
steam  prior  to  introducing  the  steam  into  the  test  chamber.  These  challenges  were 
overcome  and  the  test  facility  and  methodology  were  validated. 

Hi-Nicalon™  S  fibers  are  known  to  have  excellent  creep  resistance  [19],  better 
than  most  other  non-oxide  fibers  and  significantly  better  than  oxide  fibers.  These 
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fibers  have  a  near-stoichiometric  SiC  composition  (~1  at%  oxygen  and  ~2  at%  car¬ 
bon)  [24],  so  they  are  a  strong  candidate  for  use  in  advanced  CMCs.  There  is  a  good 
understanding  of  SiC  oxidation  kinetics,  but  not  in  a  stressed  state.  Understand¬ 
ing  oxidation  in  the  stressed  state  is  of  interest  because  the  advanced  engineering 
applications  for  which  CMCs  are  being  considered  are  structural  in  nature  and  the 
materials  will  experience  significant  stresses  while  exposed  to  oxidizing  environments. 
Additionally,  stress  concentrations  clue  to  small  flaws  or  damage  are  unavoidable  in 
CMCs.  These  concentrations  of  (tensile)  stress  increase  the  oxidation  rate  [25-27]. 
As  such,  there  is  considerable  need  to  understand  the  stressed  oxidation  kinetics  of 
the  Hi-Nicalon™  S  fibers  in  order  to  improve  the  oxidation  resistance  of  CMCs  re¬ 
inforced  with  these  fibers  and  to  develop  models  that  accurately  predict  the  effects 
of  stressed  oxidation  on  the  mechanical  performance  of  these  CMCs.  To  this  end, 
the  post-test  microstructure  was  examined  in  order  to  determine  damage  and  failure 
mechanisms. 

1.4  Problem  Statement 

The  work  by  Steffens  [1]  showed  that  the  methodology  used  by  Armani  for  investi¬ 
gating  the  high-temperature  performance  of  oxide  fibers  would  not  work  for  non-oxide 
fibers.  Shillig  [23]  provided  additional  insight  into  the  challenges  with  the  test  method¬ 
ology  and  identified  further  challenges.  Each  of  these  efforts  constituted  an  important 
step  forward  in  understanding  the  needs  for  testing  SiC  fiber  tows.  The  next  step 
was  to  overcome  the  challenges  Steffens  and  Shillig  identified  in  a  repeatable  way,  so 
as  to  enable  meaningful  investigation  of  the  mechanical  behavior  of  Hi-Nicalon™  S 
fiber  tows  at  elevated  temperature  in  steam.  Developing  a  test  facility  and  method¬ 
ology  that  overcomes  these  challenges  had  to  be  done  in  order  to  elucidate  dominant 
creep  mechanisms  and  gain  insight  into  the  interaction  between  creep  and  the  oxi- 
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dation  process.  The  experimental  results  obtainable  from  such  a  facility  can  provide 
the  basis  for  and  guide  the  development  of  the  predictive  models  and  manufacturing 
process,  leading  to  more  capable  CMCs  for  a  wide  variety  of  applications. 

The  main  objective  of  this  research  effort  had  two  parts.  The  first  part  was  to 
design,  develop,  build,  and  validate  a  test  facility  and  methodology  for  mechanical 
testing  of  Hi-Nicalon™  S  SiC  fiber  tows  at  elevated  temperature  in  air,  preheated 
steam,  and  preheated  silicic  acid-saturated  steam.  Since  the  experimental  facility 
designed  by  Armani  for  testing  of  oxide  fiber  tows  was  shown  by  Steffens  [1]  and 
Shillig  [23]  to  be  inadequate  for  testing  of  higher  strength  non-oxide  fiber  tows  in 
steam,  this  facility  had  to  be  completely  redesigned.  The  test  method  developed  in 
this  work  enables  testing  of  fiber  tows  at  temperatures  up  to  and  including  1000°C  in 
air,  steam,  and  silicic  acid-saturated  steam  environments,  while  permitting  accurate 
load  control  and,  most  importantly,  accurate  strain  measurement.  The  steam  delivery 
system  used  by  Steffens  and  Shillig  introduced  steam  at  approximately  100°C  into 
the  test  chamber,  where  the  steam  was  further  heated  to  the  test  temperature.  In 
this  study,  the  steam  delivery  system  was  redesigned  in  order  to  introduce  steam  into 
the  test  chamber  already  at  or  near  the  test  temperature.  The  design  was  successful 
and  results  are  discussed. 

The  second  aspect  of  the  main  objective  of  this  effort  was  to  study  the  effect  of 
steam  on  the  mechanical  performance  of  Hi-Nicalon™  S  fiber  tows  800° C  in  static 
creep  tests  and  tensile  tests  to  failure  and  conduct  post-test  microstructural  investi¬ 
gation  of  the  fiber  tow  specimens  in  order  to  determine  the  degradation  and  failure 
mechanisms.  Due  to  the  fact  that  silicic  acid-saturated  steam  eliminates  the  degra¬ 
dation  of  the  fiber  tow  near  the  bottom  of  the  hot  zone  and  creates  a  protective  layer 
of  oxide,  sealing  off  the  surface,  mechanical  performance  was  improved  and  active 
oxidation  was  greatly  reduced.  Optical  microscopy  and  SEM  techniques  provided 
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only  minor  insight  into  damage  and  failure  mechanisms.  Microstructural  analysis  can 
also  be  used  to  guide  the  development  of  a  predictive  model  that  accounts  for  the 
oxidation  kinetics  of  the  fiber  tows.  The  model  developed  by  Deal  and  Grove  [28]  has 
been  successfully  applied  to  SiC  fiber  tows.  Further  microstructural  analysis  of  the 
results  of  this  effort  may  enable  this  model  to  be  refined  to  better  predict  SiC  fiber 
tow  oxide  growth.  Additionally,  the  Monkman-Grant  relationship  has  been  shown 
to  apply  to  previous  generations  of  SiC  fiber  tows  and  can  be  used  to  predict  creep 
lifetime  based  on  steady-state  creep  rate.  For  fiber  tows  that  have  been  susceptible 
to  environmentally  assisted  subcritical  crack  growth,  a  predictive  model  of  creep  life¬ 
time  can  be  developed.  In  this  work,  the  Monkman-Grant  relationship  was  shown  to 
apply  to  Hi-Nicalon™  S  fibers  tows  and  a  predictive  model  based  on  environmentally 
assisted  subcritical  crack  growth  was  developed. 

The  objectives  of  this  research  can  be  summarized  in  the  following  problem  state¬ 
ment: 

Design,  develop,  build,  validate,  and  implement  a  test  facility  and  methodology 
for  creep  and  tensile  tests  of  fiber  tows  at  elevated  temperatures  in  steam,  introducing 
steam  at  near  test  temperatures  and  using  either  unsaturated  or  silicic  acid-saturated 
steam.  Employ  this  facility  and  methodology  to  gain  insight  into  the  effects  of  silicic 
acid-saturated  steam  on  the  tensile  and  creep  rupture  performance  of  Hi-Nicalon™  S 
fibers  tows  at  80(F C.  Determine  the  applicability  of  the  Monkman-Grant  relationship 
and  a  predictive  m.odel  of  environmentally  assisted  subcritical  crack  growth  to  Hi- 
Nicalon™  S  fiber  tows. 

1.5  Material  Description 

This  research  effort  focused  solely  on  Hi-Nicalon™  S,  a  non-oxide  fiber  made 
by  Nippon  Carbon  Co.  (Tokyo,  Japan),  in  the  form  of  a  fiber  tow  or  bundle.  Hi- 


17 


Nicalon™  S  is  a  silicon  carbide  fiber  with  very  low  oxygen  content,  consisting  of 
approximately  69%  Si,  31%  C,  and  0.2%  O  by  weight  [19,  20].  Each  tow  consists 
of  approximately  500  fibers  with  an  average  fiber  diameter  of  12  /n n.  The  material 
properties  for  the  fiber  tows  to  be  used  in  this  research  effort  are  listed  in  Table  3. 
Based  on  these  properties,  the  total  fiber  bundle  cross-sectional  area  is  6.6366  x 
10~8  m2. 

Table  3.  Hi-Nicalon2M  S  Test  Fiber  Material  Properties,  reproduced  from  [23] 


Property 

Value 

Units 

Density 

3.01 

g/cc 

Tensile  Strength 

3.13 

GPa 

Tensile  Modulus 

366 

GPa 

Sizing  Amount 

0.8 

wt% 

Oxygen  Content 

0.82 

wt% 

1.6  Methodology 

The  key  objectives  outlined  in  the  problem  statement  were  accomplished  by  per¬ 
forming  the  following  tasks: 

1.  Design,  develop,  build,  and  validate  an  experimental  facility  for  testing  SiC  fiber 
tows  at  elevated  temperature  in  an  air  and  in  a  steam  environment  to: 

(a)  Deliver  silicic  acid-saturated  steam. 

(b)  Control  the  steam  temperature  and  flow  rate. 

2.  Investigate  the  effect  of  air  and  steam  environments  on  creep  performance  and 
tensile  strength  of  Hi-Nicalon™  S  fibers  tows  at  elevated  temperature. 

(a)  Perform  creep  tests  and  tension  tests  to  failure.  Evaluate  the  data  obtained 
in  mechanical  tests  and  gain  insight  into  the  dominant  creep  mechanism(s). 
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(b)  Perform  post-test  microstructural  investigation.  Evaluate  oxidation  dam¬ 
age  and  elucidate  damage  and  failure  mechanisms. 

3.  Investigate  the  efficacy  of  the  Monkman-Grant  relationship  and  a  environmen¬ 
tally  assisted  subcritical  crack  growth  model  for  Hi-Nicalon™  S  fiber  tows. 
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II.  Background 


Metallic  engineering  alloys  and  superalloys  have  exhibited  excellent  performance 
in  many  engineering  applications  over  the  years.  However,  while  still  useful,  these 
materials  have  reached  their  performance  limits.  Today’s  aerospace  applications  re¬ 
quire  materials  that  are  stable  at  higher  operating  temperatures  than  ever  before 
and  still  exhibit  excellent  oxidation  resistance,  fracture  toughness,  damage  tolerance, 
strength,  and  stiffness.  Additionally,  these  materials  must  have  high  fatigue  life  and 
be  lightweight  (low  density).  Ceramics  have  proven  to  have  most  of  these  attributes, 
including  high  melting  temperatures,  good  oxidation  resistance,  excellent  stiffness  and 
strength,  and  low  density.  These  attributes  have  resulted  in  increases  in  efficiency 
and  performance  as  well  as  significant  savings  in  weight. 

While  these  improvements  have  been  marked,  ceramics  are  brittle  and  suffer  from 
their  inherent  susceptibility  to  flaws  and  cracks.  These  attributes  make  sudden  catas¬ 
trophic  failure  common  with  ceramics  and  difficult  to  predict,  a  combinations  that  is 
undesirable  in  engineering  applications.  The  development  of  Ceramic  Matrix  Com¬ 
posites  (CMCs)  has  enabled  designers  to  harness  the  desired  attributes  of  ceramics 
while  minimizing  the  undesirable,  resulting  in  materials  that  are  strong,  stiff,  light, 
oxidation  resistant,  stable  at  high  temperatures,  and  yet  also  damage  tolerant  and 
tough. 

2.1  Ceramic  Matrix  Composites 

The  advantage  of  CMCs  over  monolithic  ceramics  lies  in  their  increased  toughness, 
decreased  susceptibility  to  cracks  and  defects,  and  their  ability  to  fail  gracefully  rather 
than  in  a  sudden  catastrophic  manner.  These  benefits  are  realized  through  damage 
tolerant  design  methodologies.  There  are  three  approaches  to  achieve  damage  tolerant 
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CMCs.  These  microstructural  design  philosophies  enable  uncorrelated  fiber  failure 
within  the  CMC,  which  dissipates  more  energy  as  the  fibers  fail,  debond,  and  are 
pulled  out  of  the  matrix  separately  from  one  another  [12,  16,  29].  Figure  7  shows  an 
example  of  fiber  pullout  in  SiC/BN/SiC  CMC  after  a  tensile  fatigue  test.  Figure  8a 
presents  a  schematic  of  this  process,  which  results  in  higher  strength  and  graceful 
failure. 


Figure  7.  Fiber  pullout  in  SiC/BN/SiC  CMC  after  a  tensile  fatigue  test  at  1200°C  in 
air.  Note  the  substantial  amount  of  fiber  pullout.  Reproduced  from  [30]. 

Figure  8b  depicts  a  weak  fiber/matrix  interface  bond,  which  deflects  an  advanc¬ 
ing  crack  along  or  around  the  fiber  and  enables  fiber  pullout.  This  method  is  well 
documented  [31-33].  Figure  8c  depicts  a  strong  fiber-matrix  interface  bond  with  a 
porous  matrix.  The  porous  matrix  also  enables  cracks  to  deflect  around  the  fiber  and 
has  been  successfully  demonstrated  [34-38].  See  Zok  and  Levi  [16]  and  Zok  [29]  for 
an  extensive  review  of  the  mechanisms  and  mechanical  properties  of  porous-matrix 
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Figure  8.  Current  Design  Philosophies  for  Damage  Tolerant  CMCs:  a)  damage  toler¬ 
ant  design  concept  showing  uncorrelated  fiber  failure,  debonding,  and  pullout  b)  fiber 
coating  with  weak  fiber/matrix  interface,  c)  porous  matrix,  and  d)  fugitive  coating  [29], 
reproduced  with  permission  from  Wiley. 


CMCs.  Figure  8d  depicts  a  more  recent  design  philosophy  using  fugitive  coatings. 
Here,  a  fiber  coating  is  applied,  then  volatized  by  oxidation  during  the  fabrication  of 
the  CMC,  leaving  a  very  small  gap  between  the  fiber  and  the  matrix  [35,  39].  Like 
the  weak  interface  bond  of  the  first  approach,  this  gap  also  protects  the  fiber  from  an 
advancing  crack  in  the  matrix.  Load  transfer  from  the  matrix  to  the  fiber  is  enabled 
by  the  rough  nature  of  the  matrix  and  fiber  surfaces  at  the  interface,  as  can  be  seen 
in  Figure  9. 

Each  of  these  design  philosophies  achieves  a  damage  tolerant  design  by  deflect¬ 
ing  matrix  cracks  around  fibers,  and  each  has  its  own  advantages  and  disadvantages. 
Whichever  approach  is  used,  it  remains  that  the  CMC  must  be  able  to  carry  op- 
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Figure  9.  Load  Transfer  at  Fiber/Matrix  Interfaces  with  a  Fugitive  Coating:  a)  An 
idealized  (smooth)  interface  would  protect  the  fiber  from  the  matrix  crack,  but  no  load 
transfer  would  occur,  whereas  b)  in  reality,  the  interface  is  rough  and  load  transfer 
occurs  while  still  protecting  the  fiber  [39],  reproduced  with  permission  from  Wiley. 


erational  loads  at  operational  temperatures  and  service  environments.  While  oxide 
fiber/oxide  matrix  CMCs  have  been  demonstrated  using  the  porous  matrix  approach, 
the  fiber  coating  method  is  generally  preferred  for  CMCs  made  with  non-oxide  con¬ 
stituents.  Fiber  coatings  can  be  engineered  to  provide  the  desired  mechanical  prop¬ 
erties  (i.e.  load  transfer  and  crack  deflection)  and  also  to  shield  the  fiber  from  the 
oxidizing  environment.  It  has  been  well  documented  in  literature  that  non-oxide 
fiber-reinforced  CMCs  experience  significant  degradation  in  their  desired  properties 
at  operating  temperatures  due  to  oxidation  [29,  32,  35,  38-40].  This  dual  use  of  the 
fiber  coating  makes  the  superior  strength  and  creep  resistance  of  non-oxide  fiber- 
reinforced  CMCs  available  for  advanced  engineering  applications. 
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Although  there  has  been  much  progress  and  the  manufacturing  is  mature,  non- 
oxide  CMCs  still  suffer  from  problems  with  environmental  degradation  at  the  hber/- 
matrix  interface,  affecting  both  the  fiber  coating  and  the  fiber  itself.  Oxidation 
embrittlement  is  a  particular  problem  [18,  29,  41,  42]  in  which  oxygen  reacts  with 
the  fibers  and  matrix  of  a  CMC,  causing  them  to  form  strong  bonds  and  defeat¬ 
ing  the  crack-deflecting  properties  intended.  Oxidation  embrittlement  tends  to  occur 
at  intermediate  temperatures  (600-900°C)  and  is  a  serious  concern  for  engineering 
applications  that  experience  operating  temperatures  in  or  gradients  that  span  these 
temperatures  [42],  In  non-oxide  fiber/matrix  CMCs,  oxygen  gains  access  to  the  fiber 
coating  and  then  the  fiber  primarily  through  cracks  that  form  in  the  matrix  under 
loading  [41,  43].  In  non-oxide  fiber/oxide  matrix  CMCs,  the  diffusivity  of  oxygen 
through  the  matrix  as  well  as  the  oxygen  in  the  matrix  itself  causes  degradation  in 
addition  to  access  through  cracks.  This  is  why  non-oxide  fibers  are  usually  only  used 
with  non-oxide  matrix  materials.  An  example  of  this  degradation  due  to  oxidation 
can  be  seen  in  the  scanning  electron  microscope  (SEM)  images  in  Figure  10. 

Oxide  CMCs  have  been  developed  to  address  the  environmental  degradation  prob¬ 
lem.  However,  though  thermomechanically  stable  at  high  temperatures  in  the  oper¬ 
ating  environment,  oxide  CMCs  suffer  from  poor  creep  resistance.  Non-oxide  CMCs 
have  excellent  creep  resistance,  so  there  has  been  a  return  to  non-oxide  CMCs  and 
an  increased  effort  to  overcome  the  degrading  environmental  effects.  Indeed,  environ¬ 
mental  durability  is  the  critical  factor  for  today’s  CMCs  [44,  45]. 

Non-oxide  CMCs  are  made  of  a  variety  of  fiber/coating/matrix  combinations  and 
are  often  referred  to  by  the  chemical  compositions  of  their  constituents.  For  example, 
a  CMC  that  uses  a  C  fiber  coated  with  boron  nitride  (BN)  in  a  SiC  matrix  is  denoted 
as  a  C/BN/SiC  CMC.  However,  most  of  the  literature  only  includes  the  fiber/matrix 
combination  in  the  shortened  notation,  such  as  C/SiC.  The  most  common  non-oxide 
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(c)  60jmi  (d) 


Figure  10.  Environmental  Degradation  due  to  Oxidation  in  a  SiC/BN/SiC  CMC.  SEM 
images  showing:  (a)  oxidation  of  fibers  and  matrix,  (b)  glassy  phase  in  the  oxidized 
region,  (c)  oxidized  region  in  the  top  half  of  the  image  transitioning  to  the  non-oxidized 
region  in  the  bottom  half  of  the  image,  and  (d)  fiber  pull-out  typical  of  the  non-oxidized 
region.  Reproduced  from  [30]. 


fibers  are  C,  SiC,  Si3N4  and  titanium  diboride  (TiB2)  [12].  Coatings  have  historically 
been  C  or  BN,  but  there  is  ongoing  research  into  the  development  of  other  coatings 
due  to  the  susceptibility  of  C  and  BN  to  oxidation  [35,  38].  Common  matrix  materials 
include  glass,  carbides,  aluminides,  and  nitrides  [12]. 

Carbon/Carbon,  C/SiC  and  SiC/SiC  CMCs  have  been  extensively  studied  and 
reported  on  in  the  literature  [19,  20,  46-84],  These  non-oxide  CMCs  have  excellent 
high-temperature  mechanical  properties  and  retain  these  properties  well,  for  the  most 
part.  SiC/SiC  CMCs  have  been  evaluated  and  tested  in  hot-section  components  of 
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turbine  engines  [29,  72]  and  are  also  being  considered  for  other  high  temperature 
aerospace  applications  such  as  leading  edges  on  hypersonic  vehicles  due  to  their  supe¬ 
rior  creep  performance  and  the  high  strength  of  SiC  fibers.  These  high-temperature 
oxidizing  environments  demand  materials  that  are  thermodynamically  stable  and  ox¬ 
idation  resistant. 

Despite  historical  struggles  with  oxidation  resistance,  non-oxide  CMCs  are  de¬ 
sired  because  of  their  excellent  creep  resistance.  As  such,  many  efforts  have  been  and 
continue  to  be  made  to  overcome  the  oxidation  problem.  This  has  lead  to  the  devel¬ 
opment  of  self-healing  matrix  materials  [85-91],  fiber  coatings  that  shield  the  fiber 
from  the  oxidizing  environment  [47,  92],  and  improvements  in  SiC  fibers  to  reduce 
oxygen  content  and  achieve  near-stoichiometric  fibers  [19,  20,  93]. 

2.2  Non-Oxide  (SiC)  Fibers 

Non-oxide  fibers  are  fibers  whose  crystallographic  structure  does  not  include  oxy¬ 
gen.  The  only  non-oxide  fibers  that  have  shown  general  applicability  to  advanced 
CMCs  are  carbon  fibers  and  silicon-based  fibers  [94],  SiC  and  SiaN4  are  the  most 
common  silicon-based  fibers.  Whereas  SI3N4  is  tougher  and  stronger  at  room  temper¬ 
ature,  it  is  much  less  resistant  to  creep  [95]  and  a  much  lower  thermal  conductivity 
than  SiC.  As  such,  SiC  fiber  is  better  suited  for  high-temperature  CMC  applications. 
SiC  fiber,  particularly  Hi-Nicalon™  S,  is  the  subject  of  the  present  work. 

SiC  fibers  were  first  produced  in  the  1960’s  by  chemical  vapor  deposition  (CVD) 
onto  a  carbon  or  a  tungsten  core.  CVD  typically  produces  fibers  with  large  diameters 
(100-150  fa n).  Examples  include  SCS-type  fibers,  with  diameters  ranging  from  78- 
140  fin 1  [12].  This  large  diameter  results  in  fibers  that  are  not  particularly  flexible, 
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making  them  only  suitable  for  use  as 
reinforcing  fibers  of  metal  matrix  com¬ 
posites  (MMC)  [12,  20].  In  the  latter 
half  of  the  1970’s,  Yajima  et  ah  [96— 
100]  developed  a  method  for  producing 
much  smaller  diameter  (10-15  //rn)  SiC 
fibers  via  controlled  pyrolysis  of  the  poly¬ 
meric  precursor  polycarbosilane  (PCS). 
The  process  is  depicted  in  Figure  11. 
This  development  enabled  the  use  of 
SiC  fibers  in  high-temperature  structural 
CMCs  starting  in  the  1980s.  In  1982, 
Nippon  Carbon  Co.  produced  the  first 
SiC  fibers  for  commercial  use  under  the 
trade  name  Nicalon™.  This  was  a  sig¬ 
nificant  achievement  because  these  new 
materials  had  the  potential  to  operate  at 
much  higher  temperatures  than  the  best 
nickel  super-alloys.  Though  improve¬ 
ments  have  been  made,  SiC  fibers  to¬ 
day  are  still  produced  via  melt  spinning, 
crosslinking,  and  pyrolysis  of  a  polymer 
precursor.  Other  fibers  have  been  devel¬ 
oped  by  Ube  Industries  and  Dow  Corn¬ 
ing  under  the  trade  names  Tyranno™ 
and  Sylramic™,  respectively  [19,  20]. 


Dechlorination 
with  Na  (to  Nad) 


Polymerization  at 
470  °C  in  autoclave 


Melt  spinning  at 
350  °C  (Nj) 


Curing  190  °C  in  air 
or  KT  in  ozone 


Pyrolysis  heating  to 
1300  °C  or  less  on  in 
vacuum  (1000  °C/h) 


Figure  11.  Notional  comparison  of  stress- 
strain  behaviors  of  a  monolithic  ceramic 
and  a  CMC.  Reproduced  with  kind  per¬ 
mission  from  Springer  Science  &;  Business 
Media  B.V.  [12]  pg.  81,  Chapter  3:  Ce¬ 
ramic  Reinforcements,  Figure  3.20.  Copy¬ 
right  ©2003  by  Kluwer  Academic  Publish¬ 
ers.  All  rights  reserved.  No  part  of  this 
work  may  be  reproduced,  stored  in  a  re¬ 
trieval  system,  or  transmitted  in  any  form 
or  by  any  means,  electronic,  mechanical, 
photocopying,  microfilming,  recording  or 
otherwise,  without  the  written  permission 
from  the  Publisher,  with  the  exception  of 
any  material  supplied  specifically  for  the 
purpose  of  being  entered  and  executed  on  a 
computer  system,  for  exclusive  use  by  the 
purchaser  of  the  work. 
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The  first  fibers  consisted  of  free  carbon  and  nanocrystals  (1-2  nm)  of  /3-SiC  within 
an  amorphous  matrix  of  SiC^O^  ( x+y  =  4)  [1,  19,  23]  as  is  depicted  in  Figure  12.  The 
chemical  composition  of  Nicalon™  was  approximately  65%  SiC,  23%  silica  (Si02) 
and  12%  C  [23],  while  the  elemental  composition  by  weight  was  56.6%  SiC,  31.7%  C, 
and  11.7%  O  with  a  C/Si  ratio  of  1.31  (i.e.  1.31  C  atoms  for  every  Si  atom)  [19].  The 
Tyranno™  fibers  had  a  similar  composition  with  34%  Si,  31.6%  C,  12.4%  O,  and  2% 
titanium  (Ti)  and  C/Si  ratio  of  1.36. 

The  early  excitement  at  the  potential  of  these  new  fibers  was  soon  tempered  as  it 
became  clear  that  the  properties  of  the  first  generation  of  fibers  were  not  close  to  those 
of  bulk  SiC,  as  had  been  expected.  For  example,  the  Young’s  modulus  of  these  fibers 
was  approximately  half  that  of  bulk  SiC  (~400  GPa,  58  msi)  [19,  20].  Strength  and 
creep  resistance  where  not  as  expected  either.  Extensive  study  [43,  101-112]  of  these 
first  generation  fibers  found  that  these  fibers  begin  to  lose  their  creep  resistance  and 
short-term  strength  at  1000°C,  with  severe  losses  above  1200°C  [19],  due  to  their  non- 
stoichiometric  compositions,  particularly  the  amorphous  intergranular  Si-O-C  phase. 
These  temperature  barriers  restrict  production  processes  for  CMCs  using  these  fibers 
to  those  that  can  be  accomplished  at  lower  temperatures,  such  as  chemical  vapor 
infiltration  (CVI)  and  polymer  infilitration  and  pyrolysis  (PIP)  [1,  23].  It  follows 
that  these  CMCs  would  also  be  limited  to  applications  with  operational  temperatures 
below  the  1200°C  threshold. 

If  the  goal  of  approaching  the  properties  of  bulk  SiC  was  to  be  realized,  fibers  with 
near  stoichiometric  compositions  would  have  to  be  developed.  The  second  generation 
of  SiC  fibers  made  significant  headway  toward  that  end  by  changing  the  method  of 
cross-linking  from  an  oxygen-induced  method  to  one  using  electron  irradiation  [19]. 
This  method  reduced  the  amount  of  oxygen  in  the  fibers  made  from  a  PCS  precursor 
to  0.5  wt%,  giving  rise  to  Nippon  Carbon’s  Hi-Nicalon™.  Other  second  generation 


fibers  did  not  experience  such  a  dramatic  drop  in  oxygen  content.  This  reduced  the 
Si-O-C  phase  significantly,  producing  a  more  stoichiometric  fiber  and  enabling  higher 
processing  temperatures.  In  the  Hi-Nicalon™  fibers,  the  SiC  nanocrystals  averaged 
5-10  nm  in  size  (see  Figure  12)  and  were  embedded  in  a  matrix  of  amorphous  Si 
and  C  atoms  resulting  in  a  C/Si  ratio  of  1.39.  The  reduction  of  the  Si-O-C  phase 
resolved  the  problem  of  fiber  decomposition  at  temperatures  above  1200°C  that  was 
prevalent  in  the  first  generation.  Stiffness  improved  by  35%  and  the  creep  resistance 
and  strength  were  retained  up  to  1200°C  [19,  23].  Bunsell  and  Piant  reported  that: 


“Hi-Nicalon  fibre  was  found  not  to  creep  below  1000°C  and  to  pos¬ 
sess  the  highest  creep  threshold  and  the  lowest  strain  rate  of  the  first  and 
second  generation  fibres... The  creep  rates  of  all  the  first  and  second  gen¬ 
eration  fibres  were  very  similar  at  1400°C,  at  around  5  x  lCT's^1  under 
a  stress  of  0.3  GPa  (43.5  ksi).  The  activation  energy  for  the  creep  of 
Hi-Nicalon  fibres  was  around  360  kJ/mol  (341  Btu/mol)  and  could  be  ex¬ 
plained  by  grain  boundary  sliding  accommodated  by  interface-controlled 
diffusion  mechanisms.  The  carbon  layers,  between  the  grains,  could  facil¬ 
itate  this  sliding.  Ultimate  failure  in  creep  of  the  fibres  was  found  not  to 
be  due  to  a  lack  of  accommodation,  as  is  the  case  for  bulk  ceramics,  but 
related  to  surface  defects,  such  as  cavities  or  porous  zones  growing  from 
local  chemical  heterogeneities.”  [19] 

Heat  treatment  at  temperatures  above  1300°C  further  increased  the  stiffness  up  to 
295  GPa  (42.8  msi)[19]  by  volatilizing  SiO,  CO,  CH4,  etc.  and  inducing  SiC  grain 
growth.  Heat  treatment  at  1400-1600°C  resulted  in  an  increase  in  creep  resistance  at 
temperatures  up  to  ~1400°C  [113].  These  results  agreed  with  those  of  Bodet  et  ah, 
who  also  found  that  Hi-Nicalon  had  superior  rupture  strength  at  room  temperature 
and  greater  creep  resistance  than  Si-O-C  fibers  [114].  Hi-Nicalon™  clearly  showed 
the  greatest  gains  among  the  second  generation  of  SiC  fibers. 

While  much  improved,  the  second  generation  fibers  still  did  not  achieve  the  prop¬ 
erties  of  bulk  SiC  and  were,  as  yet,  not  meeting  the  demands  of  the  high-temperature 
aerospace  applications  in  which  it  was  hoped  they  would  replace  nickel-based  super- 
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alloys.  The  next  challenge  was  to  reduce  the  excess  carbon  content,  driving  the  C/Si 
ratio  towards  unity,  and  achieve  as  near  stoichiometry  as  possible.  Nippon  Carbon 
employed  the  process  for  Hi-Nicalon™  fiber  using  a  radiation  cured  precursor  as  an 
intermediate  step.  The  Hi-Nicalon™  fiber  was  heated  in  a  hydrogen-rich  environ¬ 
ment  to  approximately  1500°C,  reducing  the  excess  carbon  and  the  C/Si  ratio  to  1.05. 
This  fiber  is  called  Hi-Nicalon™  S  or  Type  S  [19].  Figure  12  illustrates  schematically 
the  three  generations  of  SiC  fibers  made  by  Nippon  Carbon. 

- Higher  heat-resistance 

[i  -SiC  crystallite  Amorphous  (SiCxOy)  ft  -SiC  crystallite 


Crystallite  size  of  ft  -SiC  Crystallite  size  of  ft  -SiC  Crystallite  size  of  ft  -SiC 
2nm  5nm  20nm 


Nicalon 

Hi-Nicalon 

Hi-Nicalon-S 

Figure  12.  Microstructures  of  three  generations  of  Nicalon7  M  fibers.  Reproduced  with 
kind  permission  from  Springer  Science  &  Business  Media  B.V.  [20]  pg.  118,  Figure  9. 
Copyright  ©2005  by  Springer- Verlag  Berlin  Heidelberg. 

Hi-Nicalon™  S  achieves  properties  near  those  of  bulk  SiC.  It  has  a  stiffness  of 
approximately  400  GPa  (58  msi)  and  retains  its  strength  and  stiffness  up  to  1400°C 
[19].  The  average  nanocrystal  grain  size  is  50  nm,  leading  to  the  excellent  strength 
retention.  The  reduction  in  excess  carbon  and  the  treatment  at  high  temperatures 
results  in  a  fiber  that  has  excellent  chemical  and  thermal  stability  and  is  more  oxi¬ 
dation  and  creep  resistant  than  the  previous  generations  [19,  113].  The  production 
process  of  Hi-Nicalon™  S  fibers  is  depicted  in  Figure  13. 
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Figure  13.  Production  process  for  Hi-Nicalon™  S  SiC  fibers  by  electron  irradiation 
curing  and  pyrolysis.  Reproduced  with  kind  permission  from  Springer  Science  &  Busi¬ 
ness  Media  B.V.  [20]  pg.  117,  Figure  8.  Copyright  ©2005  by  Springer- Verlag  Berlin 
Heidelberg. 


Ube  Industries  and  Dow  Corning  also  produced  near-stoichiometric  fibers  based  on 
adding  sintering  aids  such  as  aluminum  and  boron,  respectively,  to  a  PCS  precursor. 
These  fibers  are  the  Tyranno™  SA  family  and  the  Sylramic™  families,  respectively. 
They  have  SiC  nanocrystals  on  the  order  of  20-200  nm,  and  their  C/Si  ratios  range 
from  1.00-1.08  [113].  The  chemical  compositions  and  mechanical  properties  of  all 
three  generations  of  SiC  fibers  are  given  in  Tables  4  and  5. 

As  the  temperature  increases,  fiber  strength  decreases  in  general.  This  is  due  to 
a  number  of  factors  including  oxidation,  outgasing  of  carbon  oxides,  and  eventual 
decomposition  of  the  fiber  [19].  However,  all  of  the  third  generation  SiC  fibers  retain 
their  room  temperature  strength  up  to  1400°C,  with  the  Tyranno™  SA  series  able  to 
retain  it  out  to  nearly  2000°C.  This  is  a  significant  step  forward  in  the  development 
of  CMCs  for  advanced  engineering  applications.  Figure  14  shows  the  strength  as  a 
function  of  temperature  for  third  generation  SiC  fibers. 
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Table  4.  Chemical  Composition  and  Temperature  Limits  of  Three  Generations  of  SiC 
Fibers  (Note:  the  chemical  composition  of  Sylramic™  iBN  is  essentially  the  same 
as  the  regular  Sylramic™  except  that  it  has  a  BN  layer  at  the  surface  rather  than 
just  boron).  Data  reproduced  in  part  with  kind  permission  from  Springer  Science  &; 
Business  Media  B.V.  [19]  pg.  826,  Table  III.  Copyright  ©2006  by  Springer  Science 
&;  Business  Media,  Inc.  Copyright  of  Journal  of  Materials  Science  is  the  property  of 
Springer  Science  &  Business  Media  B.V.  and  its  content  may  not  be  copied  or  emailed 
to  multiple  sites  or  posted  to  a  listserv  without  the  copyright  holder’s  express  written 
permission.  However,  users  may  print,  download,  or  email  articles  for  individual  use. 


Gen. 

Trademark 

Approx. 

Max. 

Prod. 

Temp. 

(°C) 

Elemental  Composition 
(wt%) 

Density 

(g/cm3) 

Avg. 

Diam. 

(+m) 

First 

Nicalon  200 

1200 

56Si  +  32C  +  120 

2.55 

14 

Tyranno  LOX-M 

1200 

54Si  +  32C  +120  +  2Ti 

2.48 

11 

Second 

Hi-Nicalon 

1300 

62.5Si  +  370  +  0.50 

2.74 

12 

Tyranno  LOX-E 

1300 

55Si  +  37.5  +5.50  +  2Ti 

2.39 

11 

Tyranno  ZM 

1300 

57Si  +  34.50  +  7.50  +  IZr 

2.48 

11 

Tyranno  ZE 

1300 

58.5Si  +  38.50  +  20  +  IZr 

2.55 

11 

Third 

Tyranno  SAl 

1700 

68Si  +  320  +  0.6A1 

3.02 

11 

Tyranno  SA3 

1700 

68Si  +  320  +  0.6A1 

3.1 

7.5 

Sylramic 

1700 

67Si  +  290  +  0.80  +  2.3B 
+  0.4N  +  2.1Ti 

3.05 

10 

Sylramic  iBN 

1700 

*see  note* 

3.05 

10 

Hi-Nicalon  Type-S 

1500 

69Si  +  310  +  0.20 

3.05 

12 

Table  5.  Mechanical  Properties  of  Three  Generations  of  SiC  Fibers  with  a  25  mm 
(~1  in.)  gauge  length  (RT  =  room  temperature).  Data  reproduced  in  part  with  kind 
permission  from  Springer  Science  &:  Business  Media  B.V.  [19]  pg.  826,  Table  IV. 
Copyright  ©2006  by  Springer  Science  &:  Business  Media,  Inc.  Copyright  statement 
from  previous  table  applies. 


Generation 

Trademark 

RT  Strength 
(GPa) 

RT  Young’s 
Modulus  (GPa) 

First 

Nicalon  200 

3 

200 

Tyranno  LOX-M 

3.3 

185 

Second 

Hi-Nicalon 

2.8 

270 

Tyranno  LOX-E 

2.9 

200 

Tyranno  ZM 

3.4 

200 

Tyranno  ZE 

3.5 

233 

Third 

Tyranno  SAl 

2.8 

375 

Tyranno  SA3 

2.9 

375 

Sylramic 

3.2 

400 

Sylramic  iBN 

3.5 

400 

Hi-Nicalon  Type-S 

2.5 

400 
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Figure  14.  Temperature-dependent  strength  of  third  generation  SiC  fibers.  Repro¬ 
duced  with  kind  permission  from  Springer  Science  &;  Business  Media  B.V.  [20]  pg.  121, 
Figure  14.  Copyright  ©2005  by  Springer- Verlag  Berlin  Heidelberg. 

Aside  from  strength,  high  creep  resistance  and  low  creep  rate  are  also  key  fiber 
properties  for  developing  CMCs  for  advanced  engineering  applications.  Creep  rates 
of  the  third  generation  SiC  fibers  are  shown  in  Figure  15.  The  Tyranno™  and 
Sylramic™  fibers  creep  at  a  rate  of  8  x  10_7s_1  and  4  x  10~6s_1,  respectively,  at 
a  stress  of  0.3  GPa  (43.5  ksi)  and  at  1400°C.  Hi-Nicalon™  S  produced  creep  rates 
that  were  one  to  two  orders  of  magnitude  better,  i.e.  ~4  x  10”8s_1  [19,  20].  Since 
the  Hi-Nicalon™  S  fibers  have  small  grains,  there  is  even  the  potential  for  further 
reduction  in  creep  by  inducing  grain  growth  by  heat  treatment.  It  is  also  evident  that 
Hi-Nicalon™  S  has  better  creep  resistance.  Figure  15  shows  the  onset  of  creep  to 
require  significantly  higher  stresses  for  the  Hi-Nicalon™  S  fibers  than  for  other  third 
generation  fibers.  A  recent  improvement  on  the  Sylramic™  fiber,  Sylramic™  iBN, 
has  been  developed  by  the  NASA  Glenn  Research  Center.  This  fiber  has  the  same 
basic  composition  as  the  regular  Sylramic™  fiber  except  that  the  boron  sintering 
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aids  are  removed  and  it  has  a  protective  BN  layer  formed  in-situ  on  the  surface. 
Sylramic™  iBN  exhibits  superior  oxidation  and  creep  resistance  [19,  93,  94], 


Figure  15.  Creep  of  third  generation  SiC  fibers.  Reproduced  with  kind  permission  from 
Springer  Science  &:  Business  Media  B.V.  [20]  pg.  122,  Figure  15.  Copyright  ©2005  by 
Springer- Verlag  Berlin  Heidelberg. 


As  mentioned  above,  SiC  fibers  have  been  and  continue  to  be  evaluated  for  use 
in  CMCs  for  advanced  engineering  applications  such  as  jet  engines,  leading  edges 
of  hypersonic  aircraft,  spacecraft,  and  nuclear  power  plants.  It  is  widely  recognized 
that  fiber  properties  like  strength,  oxidation  resistance,  creep  resistance,  and  dam¬ 
age  tolerance  dominate  the  performance  of  CMCs.  As  such,  fiber  performance  in 
high-temperature,  oxidizing  environments  is  critical  to  the  development  of  CMCs  for 
these  applications.  Reinforcing  fibers  are  typically  included  in  CMCs  as  bundles  or 
“tows”  of  several  hundred  filaments  rather  than  as  single  filaments.  Early  studies 
by  Yun  and  DiCarlo  suggested  that  fiber  tow  strength  can  be  predicted  by  testing 
of  individual  filaments  [115].  However,  later  studies  found  that  bundles  fail  at  lower 
than  predicted  strength  due  to  mechanical  interaction/bonding  between  fibers,  caus¬ 
ing  bundle  rupture  when  the  weakest  fiber  ruptures.  This  behavior  is  enhanced  by 
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removal  of  the  sizing/intrinsic  carbon  layer  or  by  bonding  due  to  oxidation  caused 
by  treatment  at  high  temperatures  [116].  Hammond  and  Elzey  demonstrated  that 
fiber  tow  predictions  from  single  filament  data  were  not  always  accurate,  noting  that 
heat  treatment  can  result  in  sintering  between  fibers,  causing  the  tow  to  behave  less 
like  a  bundle  of  separate  fibers  [117].  Dassios  et  al.  argued  that  testing  of  fiber  tows 
provided  more  accurate  results  for  fiber  strength  than  testing  of  individual  filaments 
[118].  Multifilament  tows  are  more  damage  tolerant  than  single  filaments.  Dassios  et 
al.  point  out  that  in  the  process  of  extracting  single  filaments  for  testing  from  fiber 
tows,  only  the  stronger  filaments  are  successfully  extracted  intact,  thus  single  filament 
testing  tends  to  overpredict  the  strength  of  fiber  tows.  Testing  of  fiber  tows  provides 
more  representative  results,  taking  into  account  the  variations  in  the  individual  fibers 
within  the  tow.  Calard  and  Lamon  found  that  load  sharing  between  the  fibers  in  a 
tow  lowers  the  tow  strength  from  that  predicted  by  single  fibers.  They  successfully 
modeled  fiber  tow  failure  by  taking  into  account  imperfect  local  load  sharing  among 
the  fibers  in  a  fiber  tow  [119].  Whereas  it  would  be  ideal  to  individually  test  each  fiber 
within  a  tow  in  order  to  obtain  a  true  statistical  picture  of  the  fiber  tow  strength,  this 
is  problematic  for  the  reasons  stated  above  and  due  to  the  time  involved.  Although 
there  exist  trade-offs  in  testing  tows  as  opposed  to  individual  fibers,  it  is  often  less 
problematic  to  test  fiber  tows,  while  still  being  useful. 

Multifilament  fiber  tows  are  the  fundamental  unit  in  textile  composites  and  can 
be  incorporated  uniaxially  or  as  weaves.  As  a  matrix  material  fails,  load  is  trans¬ 
ferred  to  the  fiber  tows,  which  control  the  ultimate  failure  of  the  CMC.  Therefore, 
understanding  the  mechanical,  thermal,  and  oxidation  behavior  of  multifilament  fiber 
tows  is  critical  to  producing  CMCs  for  advanced  engineering  applications.  This  has 
been  the  focus  of  several  research  efforts  over  the  past  two  decades  [1,  23,  62,  115— 
117,  120-124],  Forio  et  al.  investigated  the  lifetime  of  Nicalon™  fiber  tows  in  air  at 
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intermediate  temperature  (600-700°C)  [120].  They  found  that  delayed  failure  under 
low  stress  (near  the  proportional  limit)  was  a  result  of  slow  crack  growth  activated 
by  oxidation.  Gauthier  and  Larnon  studied  the  delayed  failure  of  Hi-Nicalon™  and 
Hi-Nicalon™  S  fiber  tows  and  single  fibers  under  constant  load  at  temperatures  be¬ 
tween  500  and  800°C  in  air  [121].  A  model  of  delayed  failure  was  developed  that 
satisfactorily  predicted  the  fiber  tow  rupture  strength  for  temperatures  below  800°C 
in  the  absence  of  creep.  The  model  successfully  captured  the  dependence  of  the  rup¬ 
ture  strength  on  the  applied  load  and  temperature  and  also  predicted  the  lifetime  of 
multifilament  tows  in  the  temperature  range  of  the  study.  The  model  was  based  on 
subcritical  crack  growth  in  single  filaments.  Hi-Nicalon™  S  fiber  was  found  to  be 
the  most  resistant  to  slow  crack  growth  under  constant  stress.  In  the  same  experi¬ 
mental  effort,  Gauthier  et  al.  analyzed  the  oxidation  of  the  SiC  fibers  [125].  It  was 
found  that  delayed  failure  was  caused  by  slow  crack  growth  of  surface  defects,  which 
growth  was  induced  by  the  oxidation  of  free  carbon  at  the  grain  boundaries  and  of  SiC 
nanograins  or  silicon  oxycarbide  at  the  crack  tip.  Gauthier  et  al.  conlcuded  that  “In 
order  to  improve  the  fatigue  resistance  of  these  fibers  in  air  at  intermediate  temper¬ 
atures  between  400°C  and  800°C,  the  manufacturers  will  have  to  reduce  drastically 
the  amounts  of  oxygen  and  free  carbon  near  the  fiber  surface  and  also  eliminate  the 
surface  defects,  in  order  to  limit  the  oxidation”  [125]. 

Recent  work  in  this  area  includes  studies  by  Ladeveze  and  Genet  [126],  R’Mili 
and  Lamon  [127],  Sander  and  his  colleagues  [128-130],  Steffens  [1],  and  Shillig  [23]. 
Ladeveze  and  Genet  introduced  a  new  approach  to  modeling  subcritical  crack  growth 
in  ceramic  fibers  based  on  the  true  oxygen  flux  reacting  at  the  crack  tip,  rather  than 
on  temperature.  The  model  accounts  for  the  two  phases  of  crack  growth  that  have 
been  consistently  observed  in  several  studies:  the  reaction- controlled  stage  and  the 
diffusion- controlled  stage.  First,  the  crack  tip  is  exposed  and  is  damaged  directly 


36 


by  oxygen  and  water,  with  crack  growth  being  limited  only  by  the  speed  of  the 
chemical  reaction,  hence  reaction- controlled.  Once  the  whole  surface  has  oxidized, 
oxygen  and  water  must  diffuse  through  the  newly  formed  oxide  layer,  resulting  in 
a  diffusion- controlled  stage.  The  model  was  validated  for  Hi-Nicalon™  in  dry  air 
up  to  1000°C.  R’Mili  and  Lamon  have  demonstrated  a  method  for  investigating 
subcritical  crack  growth  using  load  relaxation  tests  [127].  This  approach  offers  the 
advantage  of  each  fiber  in  the  tow  experiencing  the  same  constant  stress  during  the 
test.  This  method  provides  a  statistically  significant  database  of  rupture  time  data 
wherein  there  is  the  same  amount  of  data  points  as  there  are  fibers  in  the  bundle. 
The  rank  of  each  failing  fiber  can  be  determined  from  relaxation  of  the  load  on  the 
bundle,  making  it  possible  to  determine  the  reference  strength  of  each  failing  fiber. 
This  method  enabled  a  closed  form  expression  for  fiber  lifetimes  and  was  validated  by 
the  experimental  results.  Although  R’Mili  and  Lamon’s  work  was  done  with  E-glass 
fibers,  this  method  is  equally  applicable  to  other  fibers,  including  SiC. 

Sauder  et  al.  studied  the  correlation  between  the  mechanical  behavior  and  the 
fiber/matrix  interface  characteristics  of  SiC/SiC  minicomposite  test  specimens.  A 
minicomposite  is  made  up  of  one  fiber  tow  encased  in  a  small  amount  of  matrix. 
Tyranno™  SA3  and  Hi-Nicalon™  S  fiber  tows  were  examined.  A  strong  correla¬ 
tion  was  shown  between  the  tensile  behavior  and  the  interface  characteristics  and 
fiber  surface  roughness.  Tyranno™  SA3  minicomposites  exhibited  premature  failure 
associated  with  strong  interface  bonds,  while  Hi-Nicalon™  S  exhibited  failure  con¬ 
trolled  by  the  fiber  tow  strength  and  limited  matrix  crack  density  associated  with 
weak  interface  bonds  [128].  These  results  have  been  corroborated  in  more  recent 
studies  by  Sauder  and  his  colleagues.  For  example,  Buet  et  al.  studied  the  influence 
of  chemical  and  physical  properties  of  the  fibers  [129]  and  of  surface  fiber  properties 
and  pyrocarbon  interphase  texture  [130]  on  the  mechanical  behavior  of  SiC/SiC  com- 
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posites  reinforced  with  Tyranno™  SA3  and  Hi-Nicalon™  S  fiber  tows.  It  was  found 
that  Tyranno™  SA3  hbers  had  a  rough  granular  surface,  resulting  in  an  increase 
in  residual  and  interfacial  shear  stress.  The  texture  of  the  pyrocarbon  interphase 
also  affected  the  interfacial  shear  stress,  leading  to  the  conclusion  that  the  interphase 
processing  technique  is  important  in  the  effort  to  improve  damage  tolerance. 

Steffens  [1]  and  Shillig  [1]  both  investigated  creep  of  Hi-Nicalon™  S  ceramic  fiber 
tows  at  elevated  temperature  (800-1100°C)  in  air  and  in  steam.  Using  a  test  facility 
developed  by  Armani  [4]  for  oxide  fiber  tow  testing,  Steffens  developed  a  methodology 
for  testing  SiC  fiber  tows  and  reported  creep  stresses  for  Hi-Nicalon™  S  fiber  tows 
ranging  from  76  to  1560  MPa  (11  to  226  ksi).  Creep  run-out  was  defined  as  100  h  at 
the  creep  stress.  Steffens  further  reported  that  steam  reduced  the  creep  lifetimes  of 
the  Hi-Nicalon™  S  fiber  tows  at  both  800  and  1100°C  by  approximately  an  order  of 
magnitude.  Shillig  continued  Steffens’  work  by  investigating  the  creep  performance 
of  Hi-Nicalon™  S  fiber  tows  at  temperatures  of  800,  900,  1000,  and  1100°C.  Creep 
stresses  ranged  from  154  to  1250  MPa  (22  to  181  ksi).  The  deleterious  effect  of 
steam  decreased  with  increasing  temperature.  Although  Shillig  attributed  this  to 
the  transition  from  passive  oxidation  at  800-1000°C  to  active  oxidation  at  1100°C, 
subsequent  microstructural  analysis  suggests  that  both  passive  and  active  oxidation 
occurred  to  some  degree  throughout  the  temperature  regime. 

2.3  Creep  in  Ceramics 

Creep  resistance  is  of  great  importance  in  advanced  CMCs,  because  they  experi¬ 
ence  significant  stresses  at  high  temperatures  for  long  duration  over  many  use  cycles. 
To  understand  the  importance  of  creep  resistance,  one  has  only  to  think  of  the  catas¬ 
trophic  results  should  a  CMC  turbine  fan  blade  in  a  jet  engine  experience  excessive 
creep  deformation  due  to  insufhcent  creep  resistance.  Hence,  it  is  important  to  review 
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creep  and  the  mechanisms  that  cause  it.  Creep  is  the  phenomenon  where  a  mate¬ 
rial  experiences  a  continued  increase  in  strain  over  time  under  a  constant,  subcritical 
stress  [131],  i.e.  a  stress  below  the  ultimate  stress  of  the  material.  Figure  16  is  a 
schematic  of  a  typical  tensile  creep  curve.  Note  an  initial  strain  at  time  zero.  This  is 
the  strain  resulting  from  the  application  of  the  load  and  is  sometimes  referred  to  in 
literature  as  the  elastic  strain. 


Figure  16.  Phases  of  a  typical  creep  curve.  Reproduced  from  [4],  with  initial  strain 
and  rupture  notations  added. 

Over  time,  three  stages  of  creep  emerge.  The  primary  stage  may  be  either  short 
or  long  in  duration  and  is  characterized  by  a  continual  decrease  in  the  strain  rate. 
The  mechanisms  active  in  primary  creep  are  stress  redistribution  and/or  changes  in 
microstructure,  such  as  grain  size  and  dislocation  density  [4],  For  long  load  periods, 
the  strain  accumulated  during  the  primary  stage  will  be  relatively  small  compared  to 
that  of  the  later  stages  [131].  At  some  point,  the  creep  rate  reaches  a  minimum,  as 
depicted  in  Figure  16,  and  creep  continues  at  this  minimum  rate  for  a  period  of  time. 
This  is  secondary  or  steady-state  creep  and  may  also  be  short  or  long  in  duration. 
Secondary  creep  is  due  to  deformation  of  the  microstructure  [4],  Creep  transitions 
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into  the  tertiary  stage  when  the  creep  rate  begins  to  increase  again.  Tertiary  creep 
is  often  short  in  duration  by  comparison  to  primary  and  secondary  creep  and  the 
increase  in  strain  rate  is  often  exponential.  Tertiary  creep  is  associated  with  the 
onset  of  failure,  in  the  form  or  voids  and  cracks,  and,  ultimately,  failure  itself.  Failure 
is  often  referred  to  in  literatures  as  rupture.  In  ceramics,  tertiary  creep  is  usually 
very  short  in  duration  and  is  sometimes  not  exhibited  at  all  [4], 

Steady-state  creep  is  the  primary  focus  in  ceramics.  Because  most  CMC  con¬ 
stituents  are  polycrystallinc,  the  current  discussion  is  limited  to  creep  in  polycrys¬ 
talline  ceramic  materials.  At  high  temperatures,  creep  in  ceramics  is  generally  domi¬ 
nated  by  one  of  two  mechanisms:  diffusional  creep  or  grain  boundary  sliding. 
Both  are  always  present,  as  the  effects  are  coupled,  but  one  or  the  other  tends  to 
dominate.  Diffusional  creep  is  creep  due  to  mass  transport  and  can  be  further 
divided  into  two  subsets:  Nabarro- Herring  creep  and  Coble  creep.  The  former  refers 
to  diffusion  that  takes  place  through  the  grains  (i.e.  lattice  diffusion)  while  the  latter 
is  diffusion  that  occurs  along  the  grain  boundaries.  In  both  cases,  the  grains  elongate 
in  the  direction  of  the  applied  load.  Coble  creep  occurs  preferentially  at  low  temper¬ 
atures  because  the  activation  energy  of  diffusion  along  the  grain  boundary  is  lower 
than  that  through  the  grain  [132],  resulting  in  higher  mass  transport  along  the  grain 
boundaries.  In  Grain  boundary  sliding  (GBS),  whole  grains  move  with  respect  to 
one  another  to  relieve  local  stresses,  causing  elongation  in  the  direction  of  the  applied 
load.  This  is  usually  due  to  the  softening  at  high  temperatures  of  a  grain-boundary 
glassy  phase  that  is  used  to  density  ceramics  [4]  and  to  the  presence  of  small  grains 
that  more  easily  move  past  one  another.  When  reporting  the  mechanism  of  creep 
in  a  ceramic,  often  only  the  dominant  one,  i.e.  the  one  that  results  in  the  greater 
amount  of  strain,  is  given  and  it  is  understood  that  the  other  is  present  but  results 
in  less  strain.  However,  it  should  be  noted  that  the  lesser  of  the  two  is  also  the  one 


40 


that  controls  or  limits  the  creep  strain  rate  [133].  These  two  creep  mechanisms  can, 
therefore,  be  thought  of  more  in  the  context  of,  in  Poirier’s  words,  . .  the  two  end- 
members  of  a  continuum:  GBS-controllcd  diffusion  creep,  in  which  most  of  the  strain 
is  due  to  transport  of  matter,  and  diffusion-creep-controlled  GBS,  in  which  most  of 
the  strain  is  due  to  GBS”  [133]. 

It  has  been  shown  and  is  widely  accepted  that  most  creep  mechanisms  can  be 
modeled  using  the  following  equation,  given  in  the  form  provided  by  Wachtman  et  al. 


[132]: 
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where  e  is  the  strain  rate,  B  is  a  constant,  D  is  the  diffusion  coefficient,  /i  is  the  shear 
modulus,  b  is  magnitude  of  the  Burgers  vector,  k  is  the  Boltzmann  constant,  T  is  the 
absolute  temperature  d  is  grain  size  (diameter),  a  is  the  applied  tensile  stress,  and  p 
and  n  are  power  law  creep  exponents  for  grain  size  and  stress,  respectively  [4,  132], 
The  diffusion  coefficient  is  given  by  the  well  known  expression: 
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where  Da  is  a  frequency  factor  [4],  Q  is  the  activation  energy  of  diffusion,  and  R  is 
the  universal  gas  constant. 

Using  experimental  creep  data,  the  values  of  p  and  n  in  Equation  1  can  be  de¬ 
termined.  These  values  correspond  to  different  creep  mechanisms,  thus  the  primary 
creep  mechanism  in  a  given  test  specimen  can  be  identified.  Armani  summarized  the 
predominant  mechanisms  of  creep  in  fine-grained  polycrystalline  ceramics  and  their 
associated  power  law  creep  exponents  [4],  Creep  mechanisms  and  the  associated  val¬ 
ues  of  p  and  n  are  presented  here  in  Table  6.  Of  note  is  the  difference  in  the  grain 
size  exponent,  p,  for  the  two  types  of  diffusional  creep:  p  —  2  for  Nabarro-Herring 
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creep  and  p  =  3  for  Coble  creep.  This  inverse  cubic  dependence  of  Coble  creep  on 
the  grain  size  causes  it  to  be  the  dominant  mechanism  at  small  grain  sizes  [132], 

Table  6.  Creep  mechanisms  in  fine-grained  polycrystalline  ceramics  (LD:  lattice  dif¬ 
fusion,  GBD:  grain  boundary  diffusion,  GBS:  grain  boundary  sliding,  IR:  interface 
reaction).  Values  reproduced  from  [1,  4]. 


Mechanism 

V 

grain  size  exponent 

n 

stress  exponent 

Nabarro- Herring:  LD 

2 

1 

Coble:  GBD 

3 

1 

Dislocation:  Climb  controlled 

0 

5 

GBS  +  (IR/GBD):  IR  controlled 

2 

2 

GBS  +  (IR/LD):  IR  controlled 

1 

2 

GBS  +  cavities  nucleation/growth 

3 

4 

GBS:  diffusion  in  liquid  grain 
boundary  controlled 

3 

1 

In  the  classical  treatment  of  diffusional  creep,  it  is  assumed  that  the  grain  bound¬ 
ary  acts  as  a  perfect  source  or  sink  for  matter /vacancies  [134],  Treatment  of  diffusional 
flow  of  a  polycrystalline  material  as  a  continuum  problem  has  proved  quite  successful, 
agreeing  well  with  and  explaining  much  of  the  experimental  data.  However,  under 
conditions  where  this  assumption  is  not  valid  and  the  sources  and  sinks  are  more 
discrete,  the  diffusion  is  controlled  by  a  reaction  at  the  interface,  hence:  interface 
reaction-controlled  creep.  Here  the  grain  boundary  or  the  lattice  diffusion  happens 
so  quickly  that  the  creation  and  annihilation  of  point  defects  at  the  grain  boundary 
controls  the  process  [4,  134,  135]. 

Due  to  their  relatively  recent  development,  creep  of  third  generation  SiC  fibers 
such  as  Hi-Nicalon™  S  has  not  been  as  extensively  studied  as  that  of  previous  genera¬ 
tions,  however  several  researchers  have  made  it  their  focus  over  the  past  15  years.  Sha 
et  al.  studied  the  effects  of  heat  treatment  on  the  creep  resistance  of  Hi-Nicalon™, 
Hi-Nicalon™  S,  and  Tyranno™  SA  fibers  [136,  137].  The  fibers  were  heat  treated 
in  an  argon  (Ar)  environment  for  1  h  at  temperatures  in  the  range  of  1300-1900°C.  It 
was  found  that  creep  resistance  was  improved  by  heat  treatment,  especially  when  the 


42 


heat  treatment  was  carried  out  at  temperatures  above  the  processing  temperatures  of 
the  fibers.  Creep  activation  energy  increased  with  an  increase  in  the  heat  treatment 
temperature.  The  improvement  in  creep  resistance  was  found  to  be  related  to  the 
grain  size  and  to  the  composition  at /near  the  grain  boundaries. 

Sauder  and  Lamon  investigated  the  tensile  creep  behavior  of  individual  Tyranno™ 
SA3  and  Hi-Nicalon™  S  fibers  at  various  tempertures  in  a  vacuum  [138].  Evidence 
of  all  three  stages  of  creep  was  found,  with  primary  creep  due,  primarily,  to  viscoelas¬ 
tic  deformation  of  carbon  at  the  grain  boundaries.  Steady-state  creep,  with  a  stress 
exponent,  n,  of  2.5  was  found  to  be  due  to  grain  boundary  sliding  with  no  grain  elon¬ 
gation  or  glassy  phase.  This  corresponds  to  the  Rachinger  creep  mechanism.  Stress 
exponents  and  the  activation  energy  for  these  fibers  are  reported  in  Table  7  and  ten¬ 
sile  creep  rates  at  850  MPa  (123  ksi)  are  given  in  Figure  17.  The  activation  energy 
of  Hi-Nicalon™  S  (~770  kJ/mol,  730  Btu/mol)  is  consistent  with  carbon  diffusion 
within  the  grains.  Tertiary  creep  was  also  observed  and  was  found  to  be  a  result  of 
silicon  volatilization  starting  at  the  surface  and  proceeding  toward  the  core. 


Table  7.  Power  law  creep  parameters  for  third  generation  non-oxide  fibers  [138],  data 
reproduced  with  permission  from  Wiley. 


Fibers 

Temperature 
Range  (°C) 

Activation  Energy 
Q  (kJ/mol) 

Stress  Exponent 

n 

SA3  (1) 

SA3  (2) 

Hi-Nicalon™  S 

1150-1500 

1150-1500 

1300-1500 

370  (360-370) 

370  (360-370) 

770  (750-770) 

2.5  (2.35-2.6) 

2.5  (2. 3-2. 6) 

2.6  (2. 4-2. 9) 

At  this  point  it  is  important  to  address  a  difference  in  terminology  that  exists 
in  different  scientific  circles  and  what  is  included  when  using  the  term  “creep.”  In 
geological  sciences  and  in  the  field  of  ceramics,  the  term  “creep”  has  a  very  narrow 
meaning:  inelastic  deformation  of  the  constituents  of  a  material  under  constant  load. 
In  other  circles,  such  as  organic  (polymer)  matrix  composites,  the  term  “creep”  is 
used  to  describe  a  broader  set  of  behaviors  that  result  in  permanent  deformation  of  a 
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Figure  17.  Creep  of  Tyranno™  SA3  and  Hi-Nicalon™  S  fibers  at  850  MPa 
(123  ksi)[138],  reproduced  with  permission  from  Wiley. 

material  exposed  to  a  constant  load.  For  example,  a  CMC  subjected  to  a  constant  load 
over  time  may  develop  cracks  and  deform.  When  the  load  is  removed,  some  of  these 
cracks  may  not  close,  perhaps  due  to  friction,  resulting  in  a  permanent  deformation. 
Under  the  broader  use  of  the  term,  this  would  be  considered  creep,  but  not  so  under 
the  more  narrow  definition.  Those  using  the  more  narrow  definition  would  use  a  term 
such  as  “static  fatigue”  or  “creep  rupture”  to  describe  this.  For  the  purposes  of  this 
work,  and  to  maintain  consistency  with  the  previous  work  of  Steffens  [1] ,  Shillig  [23] , 
and  Sprinkle  [139]  the  term  “creep”  is  used  in  the  broader  sense  in  this  work.  It  is 
recognized  that  creep  in  the  narrower  sense  is  not  expected  to  occur  to  any  significant 
degree  in  SiC  at  800°C. 

Steffens  studied  creep  of  Hi-Nicalon™  S  fiber  tows  at  800  and  1100°C  in  air  and  in 
steam.  The  stress  exponent,  n,  was  determined  by  fitting  the  data  to  a  temperature- 
independent  Norton-Bailey  form  of  the  power  law  creep  equation: 


i  =  Aan 


(3) 
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where  A  is  a  temperature-dependent  coefficient  that  accounts  for  the  activation  en¬ 
ergy,  grain  size  and  other  variables  in  the  full  form  of  the  power  law,  Equation  1. 
Values  of  n  =  4.8  and  n  =  3.8  were  reported  in  air  and  steam,  respectively,  leading  to 
a  conclusion  of  climb-controlled  dislocation  creep  in  air  and  GBS  with  cavity  growth 
in  steam  [1],  Microstructural  analysis  to  confirm  this  conclusion  was  not  performed. 
Figure  18  shows  the  creep  rate  data. 


Figure  18.  Creep  of  Hi-Nicalon™  S  fibers  at  800  and  1100°C  in  air  and  in  steam, 
reproduced  from  [1] 


Shillig  studied  creep  of  Hi-Nicalon™  S  fiber  tows  at  temperatures  ranging  from 
800  to  1100°C  in  air  and  in  steam.  The  stress  exponent,  n,  was  also  determined  by 
fitting  the  data  to  Equation  3.  However,  due  to  the  considerable  scatter  in  the  data, 
as  can  be  seen  in  Figure  19,  the  author  chose  not  to  report  those  values. 
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Figure  19.  Creep  of  Hi-Nicalon™  S  fibers  at  800-1100°C  in  air  and  in  steam.  Note 
the  considerable  scatter  in  the  data,  making  a  reliable  estimate  of  the  stress  exponents 
impractical.  Reproduced  from  [23]. 


2.4  Environmental  Effects  on  the  Durability  of  SiC  Fibers  and  SiC/SiC 
CMCs 

Silicon  carbide  fibers  and  fiber  reinforced  CMCs  have  been  shown  to  be  suscep¬ 
tible  to  environmental  degradation  [116,  140].  Oxide  fibers  and  CMCs  reinforced 
with  them  are  not  as  susceptible  to  environmental  degradation,  making  them  an 
important  alternative.  However,  SiC  fibers  and  SiC-based  CMCs  consistently  ex¬ 
hibit  better  high-temperature  properties  than  oxide  fibers  and  oxide/oxide  CMCs, 
particularly  in  the  areas  of  strength,  creep  resistance,  creep  rate,  and  accumulated 
creep  strain  [141].  This  is  especially  true  of  the  more  recent  third  generation  fibers, 
whose  near-stoichiometric  composition  has  increased  their  chemical  and  environmen¬ 
tal  stability.  Since  SiC  fiber-reinforced  CMCs  are  being  developed  for  hot-section 
components  of  gas-based  turbine  engines  that  require  long  life  cycles  in  a  combus¬ 
tion  gas  environment  [71,  94],  it  is  critical  to  understand  environmental  effects  on 
SiC  fibers.  That  understanding  rests  on  a  foundational  understanding  of  topics  such 
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as  fracture  toughness,  subcritical  crack  growth,  and  environmentally  assisted  crack 
growth  (or  stress  corrosion  cracking).  A  review  of  these  concepts  is  in  order. 

The  ability  of  a  material  that  contains  flaws,  voids,  or  cracks  to  resist  fracture  is 
called  its  fracture  toughness.  It  is  a  measure  of  the  energy  required  to  cause  a  crack  to 
grow  to  the  point  of  fracture.  Fracture  toughness  can  be  measured  and  is  considered 
a  material  property.  Typically,  a  material  fails  once  the  stress  at  the  tip  of  an  existing 
crack  is  high  enough  (critical  point)  to  result  in  a  stress  intensity  factor  that  exceeds 
the  material’s  fracture  toughness,  causing  a  crack  to  grow  rapidly  to  failure.  However, 
ceramics  sometimes  exhibit  a  different  behavior.  Under  certain  conditions,  ceramics 
can  experience  slow  crack  growth  even  though  the  stress  intensity  factor  is  well  below 
the  critical  point.  This  phenomenon  is  called  subcritical  crack  growth  or  delayed 
failure. 

At  room  temperature,  the  primary  mechanism  behind  subcritical  crack  growth  is 
stress  corrosion  cracking  (SCC)  [132],  now  more  commonly  referred  to  as  environ¬ 
mentally  assisted  crack  growth  (EACG).  EACG  is  a  stress-assisted  chemical  reaction 
with  the  environment,  particularly  water,  that  breaks  down  a  small  portion  of  the 
material.  In  silicon-containing  CMCs,  water  vapor  reacts  with  the  silicon  to  form 
silica  (SiCU).  Because  of  the  tensile  load,  the  crack  remains  open  and  the  corrosive 
environment  can  gain  access  to  the  interior  of  the  matrix  and  even  the  fibers.  De¬ 
pending  on  the  material  and  the  environment,  a  protective  film  may  develop  that 
inhibits  further  corrosion,  as  is  the  case  with  SiC,  where  a  thin  film  of  silica  forms 
and  adheres  to  the  parent  matrix  or  fiber,  slowing  the  environmental  degradation. 
This  is  called  passivation  or  passive  oxidation.  While  the  adsorption  will  still  take 
place  and  the  crack  will  grow,  it  takes  longer  because  the  environmental  species  must 
diffuse  through  the  silica  layer.  Subcritical  crack  growth  is  also  affected  by  the  rate 
of  the  reaction  between  the  environmental  species  and  the  matrix/fiber  material.  At 
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high  temperatures,  diffusion  of  the  environmental  species  to  the  crack  tip  is  the  con¬ 
trolling  mechanism  [132],  The  higher  the  temperature,  the  faster  the  diffusion  can 
take  place.  Subcritical  crack  growth  is  very  sensitive  to  temperature,  applied  load, 
and  the  concentration  of  the  corrosive  environmental  species  [4]. 

Several  studies  have  investigated  the  thermal  stability  of  SiC  fibers  in  oxidizing 
environments  and  the  effects  of  oxidation  on  SiC  fibers  and  its  relation  to  subcritical 
crack  growth  (delayed  failure)  [24,  43,  49,  105,  111,  121,  123-126,  142-158].  Lara- 
Curzio  modeled  the  effects  of  oxidation  on  the  stress-rupture  behavior  of  fiber  bundles 
and  presented  results  for  Nicalon™  fibers.  It  was  found  that  the  life  of  the  fiber 
bundles  decreased  with  increasing  temperature  and  stress  and  that  the  temperature 
dependence  of  failure  times  was  the  same  as  that  of  the  oxidation  process.  This 
oxidation-induced  loss  of  fiber  strength  resulted  in  delayed  failure  of  the  fiber  bundle 
[123].  As  mentioned  earlier,  Forio  et  al.  found  that  delayed  failure  under  low  stress 
was  a  result  of  slow  crack  growth  activated  by  oxidation  [120].  Gauthier  and  Lamon 
developed  a  model  of  delayed  failure  that  satisfactorily  predicted  strength  dependence 
on  applied  load  and  temperature  at  temperatures  below  800° C  in  the  absence  of  creep 
as  well  as  the  lifetime  of  multifilament  tows  in  the  temperature  range  of  the  study. 
The  model  was  based  on  subcritical  crack  growth  in  single  filaments  [121],  Gauthier  et 
al.  suggested  that  delayed  failure  was  caused  by  slow  crack  growth  of  surface  defects, 
which  growth  was  induced  by  the  consumption  of  free  carbon  at  the  grain  boundaries 
and  and  local  stresses  at  the  crack  tip  caused  by  the  transformation  of  SiC  to  Si02 

[125]. 

Takeda  et  al.  compared  the  microstructure  and  oxidative  degradation  behavior  of 
Hi-Nicalon  ™  S  fiber  to  that  of  its  predecessors,  Nicalon  ™  and  Hi-Nicalon  ™  [158]. 
The  fibers  were  oxidized  in  dry  and  wet  air  for  1-100  h  at  temperatures  of  1000-1500°C. 
Oxide  layer  thickness  was  determined  by  SEM  measurement  (thicknesses  >0.5  //rn) 
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or  by  calculation  of  the  oxygen  content  of  the  fiber  based  on  the  chemical  reaction 
SixCyOz  +  [x  +  (y  —  z)/ 2]C>2  — »  a;Si02  +  ?/CO.  Single  hlament  tensile  strength  was 
measured.  It  was  demonstrated  that  strength  decreased  with  an  increase  in  oxide 
layer  thickness.  Microstructural  observations  showed  that  fracture  began  at  or  near 
the  oxide/fiber  interface  and  revealed  large  numbers  of  pores  in  the  earlier  fibers  due 
to  volatilization  of  C  and  the  release  of  carbon  monoxide  (CO)  gas,  whereas  there 
were  no  pores  in  the  Hi-Nicalon  ™  S  fibers,  resulting  in  the  best  oxidation  resistance 
of  the  fibers  tested. 

Opila  studied  the  dependence  of  the  oxidation  rate  of  SiC  on  water  vapor  pres¬ 
sure  [157].  CVD  SiC  was  subjected  to  temperatures  of  1000-1400°C  in  H2O/O2  and 
H20/Ar  environments  with  10-90  vol%  water  vapor  and  a  total  pressure  of  1  atm.  It 
was  seen  that  the  oxidation  kinetics  increased  with  an  increase  in  water  vapor  pres¬ 
sure  and  that  the  parabolic  oxidation  rates  were  a  full  order  of  magnitude  higher  than 
those  evident  in  dry  oxygen.  Bubbles  were  also  noted  to  form  in  the  silica  scale  at 
water  vapor  pressures  greater  than  25%  and  increased  with  an  increase  in  water  vapor 
pressure.  Opila  later  investigated  the  oxidation  and  volatilization  of  silica  formers  in 
water  vapor  [152],  A  paralinear  kinetic  model  was  adapted  to  describe  the  steady- 
state  oxidation/volatilization  of  silica.  Steady-state  is  achieved  when  the  oxidation 
rate  at  which  silica  is  formed  equals  the  volatilization  rate  of  silicic  acid,  Si[OH]4. 
The  model  was  successful,  with  limitations,  at  predicting  the  steady-state  rate,  and 
model  predictions  compared  well  to  the  experimental  data.  A  series  of  recession  rate 
maps  were  also  developed  to  provide  a  framework  for  understanding  the  limitations 
of  the  model  [152], 

It  has  been  shown  that  the  partial  pressure  of  the  oxygen  has  a  large  effect  on 
the  oxidation  of  SiC  fibers  [144,  148-150,  154],  Shimoo  et  al.  found  that  SiC  fibers 
experience  active  oxidation  at  low  oxygen  partial  pressure  and  passive  oxidation  at 
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medium  and  higher  partial  pressures  [144,  150].  In  active  oxidation,  material  within 
the  fiber  is  volatilized,  resulting  in  gaseous  products  and  significant  damage  to  the 
SiC  fibers.  Shirnoo  et  al.  reported  that  after  passive  oxidation,  Nicalon™,  Hi- 
Nicalon™,  and  Hi-Nicalon™  S  fibers  showed  the  formation  of  a  silica  scale  and  a 
retention  of  40-80%  of  their  initial  strength.  Hi-Nicalon™  S  fibers  exhibited  the 
greatest  retention  of  strength.  After  active  oxidation,  Hi-Nicalon™  S  retained  35% 
of  its  initial  strength  while  the  others  experienced  a  complete  loss  of  their  strength 
[144],  Jacobson  and  Myers  studied  the  transition  between  active  and  passive  oxidation 
(and  vice  versa)  of  SiC  in  an  oxygen  (02)/Ar  environment  and  in  pure  O2.  It  was 
found  that  both  transitions  happen  at  approximately  the  same  pressure  of  oxygen 
based  on  processes  at  the  interface  between  the  SiC  and  Si02  surface  layer.  No 
appreciable  difference  was  evident  between  the  partial  pressure  of  oxygen  in  the  O2/A1' 
environment  versus  the  total  pressure  in  the  pure  O2,  but  the  morphology  was  different 
due  to  the  volatilization  of  SiC>2  in  the  partial  pressure  case.  Several  models  were  also 
evaluated.  None  were  found  to  completely  explain  all  observed  phenomena,  but  the 
models  were  able  to  explain  some  of  the  phenomena  [154], 

Between  2005  and  2009,  Sha  and  associates  conducted  a  series  of  studies  on  the 
thermal  and  mechanical  properties  of  Hi-Nicalon™,  Hi-Nicalon™  S  and  Tyranno™ 
SA  fibers,  looking  at  the  effects  of  varying  oxygen  partial  pressures  at  elevated  tem¬ 
peratures  [159-163].  Sha  et  al.  annealed  these  fibers  as  fiber  tows  in  air  (O2:  20%), 
high-purity  Ar  (HP-Ar,  (%:  2  ppm)  and  ultra  high-purity  Ar  (UHP-Ar,  O2:  0.1  ppb) 
at  1000-1500°C  and  then  extracted  individual  fibers  for  evaluation  of  their  properties 
[160,  162,  163].  Tensile  strength  was  found  to  be  highly  dependent  on  O2  partial 
pressure,  with  room  temperature  strength  decreasing  with  a  decrease  in  O2  partial 
pressure  while  creep  resistance  was  higher  in  the  low  O2  partial  pressure  environment. 
The  degree  of  oxidation  increased  with  an  increase  in  temperature  and/or  stress  and 
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with  a  decrease  in  O2  partial  pressure.  The  transition  from  passive  to  active  oxida¬ 
tion  was  accelerated  by  a  reduction  in  the  O2  partial  pressure.  Sha  et  al.  also  found 
evidence  of  EACG  with  accelerated  nucleation  and  growth  of  flaws/cracks  [159,  161]. 

Hay  and  his  colleagues  have  done  several  studies  on  SiC  fibers,  particulary  focusing 
on  Hi-Nicalon™  S  [24,  142,  153,  155,  164],  Hay  et  al.  measured  the  strength  of  Hi- 
Nicalon™  S  fibers  after  oxidation  in  dry  air  at  temperatures  between  800  and  1200°C 
[164],  They  found  that  fiber  strength  increased  by  ~10%  with  the  growth  of  silica 
scale  up  to  approximately  100  nm,  but  decreased  for  thicker  scales.  The  increase 
in  strength  with  thin  scales  was  attributed  to  the  compressive  residual  stress  within 
the  scale  due  to  its  formation  and  may  also  be  due  to  healing  of  surface  flaws.  The 
increase  in  strength  is  related  to  the  residual  compressive  thermal  and  growth  stresses 
in  the  silica  scale.  The  decrease  in  strength  for  the  larger  scale  case  is  likely  due  to 
the  scale  having  crystallized  into  a-crystobalite,  which  is  accompanied  by  a  volume 
decrease  during  a  phase  transition  and  generates  tensile  residual  stress  in  the  scale. 
Cracks  and  partial  debonding  were  noted  in  the  crystallized  scale  [164], 

Hay  et  al.  later  expanded  the  temperature  range  of  their  investigation  into  the 
strength  of  Hi-Nicalon™  S  fibers  after  oxidation  in  dry  air  to  700-1400°C.  The  oxi¬ 
dation  and  scale  crystallization  kinetics  of  these  fibers  was  also  studied  [24,  153].  It 
was  found  that  the  amorphous  silica  scale,  with  some  carbon  content,  forms  initially, 
followed  by  crystallization  into  crystobalite  and  tridymite.  Tridymite  was  predomi¬ 
nant,  but  both  were  exhibited.  Amorphous  scales  were  smooth  and  uncracked,  while 
crystallized  scale  often  exhibited  through  thickness  and  debond  cracks,  resulting  in 
an  end  to  passivation  and  enhanced  oxidation  in  these  areas.  Crystallized  silica  scale 
was  thinner  than  amorphous  scale.  Amorphous  scale  oxidation  kinetics  followed  the 
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Deal-Grove  relationship  as  modified  by  Song  et  al  [165]: 


dx  B 
dt  ( A  +  2x) 


(4) 


with  A  =  A0exp  and  B  =  B0exp  (^r),  where  B  is  the  parabolic  rate  constant, 

B/A  is  the  linear  rate  constant,  A0  and  B0  are  pre-exponential  constants,  Qa  and  Qb 
are  the  activation  energies,  and  R  and  T  are  as  described  previously.  A  is  the  silica 
thickness  at  which  the  change  from  linear  to  parabolic  kinetics  occurs.  The  activa¬ 
tion  energy  for  parabolic  oxidation  for  amorphous  silica  scale  was  248  kJ/mol  (235 
Btu/mol).  The  crystallization  kinetics  Kolmogorov- Johnson- Mehl-Avrarni  (KJMA) 
model  parameters  were  found  to  be  extremely  sensitive  to  SiC  impurities  and  the 
environment.  Crystallization  had  an  activation  energy  of  514  kJ/mol  (487  Btu/mol) 
and  began  within  100  h  at  1000°C  and  1  h  at  1300°C,  and  was  complete  within  80  h 
at  1100°C,  30  h  at  1200°C  and  1  h  at  1300°C.  Crystallization  was  always  found  to 
nucleate  from  the  surface  [24]  with  much  more  rapid  growth  parallel  to  the  surface 
than  through  the  thickness  [153].  A  strong  correlation  was  seen  between  the  crystal¬ 
lization  of  the  scale  and  the  onset  of  loss  of  strength.  This  was  clue  to  tensile  thermal 
stress  in  the  crystallized  scale  [153]. 

In  2012,  Hay  proposed  a  method  to  calculate  growth  stress  in  Si02  scales  formed 
during  Hi-Nicalon™  S  SiC  fiber  oxidation  [142],  Using  data  from  previous  efforts 
[24,  142,  153,  164],  compressive  stresses  of  approximately  25  GPa  (3.63  msi)  were 
calculated.  These  stresses  were  caused  by  a  volume  expansion  of  2.2  times  during  the 
formation  of  the  silica,  but  were  rapidly  relaxed  to  negligible  levels  at  temperatures 
above  1200°C  by  flow  of  the  silica.  At  700-900°C,  compressive  axial  and  hoop  stress 
is  still  in  the  GPa  range,  but  radial  stresses  are  much  smaller.  Axial  growth  stresses 
were  found  to  have  the  largest  effect  on  fiber  strength.  Radial  expansion  created 
tensile  hoop  stress  in  the  outer  portions  of  the  scale.  Tensile  hoop  and  axial  stresses 
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were  seen  to  reach  values  of  2.8  and  0.8  GPa  (406  and  116  ksi),  respectively  for  long 
times  at  700°C.  The  accuracy  of  this  calculation  method  depends  on  the  accuracy 
of  amorphous  silica  viscosity  data,  which,  in  turn,  are  affected  by  impurities  in  the 
SiC  fiber.  Lack  of  availability  of  viscosity  data  for  crystobalite  and  tridymite  pre¬ 
cluded  calculation  of  growth  stresses  in  crystallized  silica,  but  they  are  assumed  to 
be  much  higher  than  those  in  the  amorphous  silica.  For  very  thick  crystallized  scales, 
through  thickness  and  debond  cracks  were  observed,  with  accompanied  fiber  strength 
degradation  [142], 

Hay  et  al.  continued  with  Hi-Nicalon™  S  fibers  by  repeating  the  work  above  in 
wet  air  instead  of  dry  air  [155].  Experiments  measuring  strength,  oxidation  kinetics 
and  scale  crystallization  kinetics  were  conducted  in  wet  air  at  temperatures  between 
700  and  1300°C.  Crystallization  again  began  within  100  h  at  1000°C  and  1  h  at 
1300°C  but  was  slightly  slower  than  in  dry  air.  The  activation  energy  for  parabolic 
oxidation  for  amorphous  silica  scale  (249  kJ/mol,  236  Btu/mol)  was  almost  identical 
to  that  in  dry  air,  but  the  pre-exponential  constants,  A0  and  B0  were  about  two 
times  higher.  As  in  dry  air,  fibers  experienced  approximately  a  10%  increase  in 
strength  with  silica  scales  of  up  to  100  nm  thick.  Strength  decreased  for  thicker 
scales,  with  no  significant  degradation  observed  for  amorphous  scales.  Again,  fibers 
with  significantly  degraded  strength  exhibited  crystallization  in  the  scale  with  cracks 
from  thermal  stress,  polymorphic  phase  transformations,  and  tensile  hoop  growth 
stress  [155]. 

As  mentioned  earlier,  Steffens  [1]  and  Shillig  [23]  both  investigated  creep  of  Hi- 
Nicalon™  S  ceramic  fiber  tows  at  elevated  temperatures  (800-1100°C)  in  air  and  in 
steam.  Steffens  reported  that  steam  reduced  the  creep  (or  static  fatigue)  performance 
of  the  Hi-Nicalon™  S  fiber  tows  at  both  800  and  1100°C  significantly.  Specifically, 
at  800°C,  the  creep  rates  of  the  Hi-Nicalon™  S  fiber  tows  increased  by  at  least  one 
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order  of  magnitude  and  the  creep  lifetimes  decreased  by  more  than  three  orders  of 
magnitude  due  to  steam.  Creep  run-out,  defined  as  100  h  at  creep  stress,  was  achieved 
at  780  MPa  (113  ksi)  in  air,  but  at  only  139  MPa  (20  ksi)  in  steam.  Additional  tests 
at  1100°C  showed  that  the  higher  temperature  degraded  the  creep  performance  in 
air,  but  improved  it  in  steam.  In  air,  the  creep  lifetimes  decreased  by  about  one 
order  of  magnitude,  whereas  they  increased  by  at  least  one  order  of  magnitude  in 
steam.  This  was  attributed  to  the  formation  of  a  silica  scale  that  protected  the 
surface  from  the  active  oxidizing  species,  slowing  the  growth  of  surface  defects  and 
delaying  fiber  failure.  There  was  no  significant  difference  in  creep  rates  produced 
at  the  two  test  temperatures.  Shillig’s  work  [23]  at  temperatures  of  800,  900,  1000, 
and  1100°C  corroborated  Steffens’  hirelings  [1]  to  some  extent,  but  was  complicated 
by  contaminants  and  by  evidence  of  active  and  passive  oxidation  throughout  the 
temperature  regime.  These  efforts  were  preliminary  and  highlighted  the  challenges 
associated  with  testing  SiC  fiber  tows  in  steam.  By  elucidating  these  challenges, 
Steffens’  and  Shillig’s  work  identified  a  strong  need  for  a  different  test  facility  and 
methodology. 

Several  studies  have  also  been  performed  on  SiC-based  CMCs.  Kim  et  al.  stud¬ 
ied  the  fatigue  behavior  of  Hi-Nicalon™  S/BN/SiC  CMCs  using  a  burner  rig  that 
simulates  a  combustion  environment  [42],  The  melt-infiltrated  (MI)  CMCs  were  fab¬ 
ricated  by  General  Electric  using  two  different  methods:  slurry  cast  woven  CMC  and 
prepreg  CMC.  In  both  cases,  oxidation  was  observed  on  the  fracture  surface  in  the 
wake  of  the  advancing  crack  tip.  However,  the  oxidative  damage  was  noticeably  less 
in  prepreg  due  to  the  greater  physical/chemical  isolation  of  each  fiber.  This  oxidation 
led  to  embrittlement,  which  is  a  significant  life-reducing  factor.  Wu  et  al.  investigated 
the  oxidation  behavior  of  3D  Hi-Nicalon™/SiC  composites  in  wet  and  simulated  air 
environments  above  1200°C  [166].  Silica  formed  mainly  on  the  surface  of  the  CMC 
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and  oxidation  in  both  environments  was  rate-controlled  by  the  diffusion  of  oxygen 
through  the  silica,  though  it  was  greatly  enhanced  in  the  presence  of  water  vapor. 
In  both  cases,  the  surface  morphology  and  amount  of  oxidation  was  strongly  related 
to  temperature,  increasing  with  an  increase  in  temperature,  but  oxide  layers  were 
thicker  in  wet  air.  It  was  also  found  that,  above  1200°C,  the  strength  dropped  off 
rapidly  with  an  increase  in  temperature  due  to  degradation  of  the  fibers. 

In  the  past  five  years,  further  studies  of  environmental  effects  on  the  mechan¬ 
ical  performance  of  SiC/SiC  CMCs  have  been  conducted  by  Ruggles-Wrenn  and 
her  associates  at  AFIT  [85,  89-91,  167,  168].  Ruggles-Wrenn  and  Sharma  investi¬ 
gated  the  behavior  of  SiC/ (SiC+SRN^  CMCs  subjected  to  tension-tension  fatigue  at 
1300°C  in  laboratory  air  and  in  steam  [168].  CMCs  consisted  of  woven  Sylramic™  or 
Sylramic™  iBN  fibers  in  a  crystalline  silicon  carbide/silicon  nitride  matrix.  Tension- 
tension  fatigue  tests  were  conducted  at  stresses  in  the  range  of  100  to  180  MPa  (14.5 
to  26  ksi).  It  was  found  that  steam  significantly  degraded  the  fatigue  performance 
of  the  CMCs.  The  number  of  cycles  to  failure  in  steam  was  much  lower  than  that 
in  air,  showing  up  to  an  order  of  magnitude  drop.  The  creep  strain  was  higher  in 
steam  than  in  air.  Optical  and  SEM  analysis  revealed  significant  disintegration  of  the 
matrix  in  the  specimens  subjected  to  steam.  Ruggles-Wrenn  et  al.  studied  the  effects 
of  air  and  steam  environments  on  the  fatigue  behavior  of  a  CVI  Hi-Nicalon™/SiC 
CMC  [167]  and  a  CVI  Hi-Nicalon™/(SiC+B4C)  CMC  [89]  at  1200°C.  Specimens 
were  tested  in  tension-tension  fatigue  with  stresses  ranging  from  60  to  140  MPa  (8.7 
to  20.3  ksi).  The  damage  mechanisms  were  found  to  be  oxidation  embrittlement  and 
fiber  degradation  due  to  creep-controlled  flaw  growth.  Damage  due  to  oxidation  em¬ 
brittlement  was  significantly  accelerated  in  the  presence  of  steam.  This  detrimental 
effect  of  steam  resulted  in  a  fatigue  life  degradation  of  one  to  two  orders  of  magnitude. 
Also,  in  all  of  these  studies,  tension-to-failure  tests  were  conducted  on  specimens  that 
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achieved  fatigue  run-out,  defined  as  105  or  2  x  105  cycles,  depending  on  the  frequency 
of  the  fatigue  test.  Each  of  these  tests  showed  fatigue  in  steam  to  have  a  greater 
degrading  effect  on  the  retained  modulus  than  fatigue  in  air. 

The  work  on  SiC/SiC  CMCs  continued  as  Ruggles-Wrenn  and  Jones  studied  the 
fatigue  behavior  at  1200°C  of  a  CMC  made  with  Hi-Nicalon™  fibers  coated  with 
pyrolytic  carbon  with  a  boron  carbide  overlay  in  a  SiC-based  matrix  [91].  The  tension- 
compression  fatigue  tests  were  conducted  with  maximum  stresses  of  80  to  200  MPa 
(11.6  to  29  ksi)  in  air  and  in  steam  and  had  a  minimum  to  maximum  stress  ratio 
of  —1.  Damage  and  failure  resulted  from  oxidation  embrittlement.  As  in  previous 
studies,  the  damage  development  and  failure  were  significantly  accelerated  in  the 
presence  of  steam.  Ruggles-Wrenn  and  Kurtz  investigated  the  effect  of  holes  on  the 
fatigue  behavior  of  a  Hi-Nicalon™/(SiC-B4C)  CMC  at  1200°C  in  air  and  in  steam 
[90].  Specimens  with  a  center  hole  were  tested  in  tension-tension  fatigue  at  stresses  in 
the  range  of  100  to  140  MPa  (14.5  to  20.3  ksi)  and  results  were  compared  with  those 
of  specimens  without  holes.  While  notch  sensitivity  was  not  appreciably  different  in 
air  or  steam  environments,  it  was  shown  that  steam  had  a  much  more  degrading  effect 
on  fatigue  life  and  retained  modulus  than  air.  Ruggles-Wrenn  and  Pope  examined 
the  creep  behavior  of  Hi-Nicalon2  M/(SiC-B4C)  CMC  in  interlaminar  shear  [85].  Tests 
were  conducted  at  1200°C  in  air  and  in  steam  with  interlaminar  shear  stresses  of  16 
to  22  MPa  (2.3  to  3.2  ksi).  While  creep  strain  rates  and  creep  lifetimes  were  only 
moderately  affected  by  the  presence  of  steam,  accumulated  creep  strain  in  steam  was 
significantly  higher,  reaching  as  much  as  three  times  that  in  air.  The  presence  of 
steam  also  decreased  the  retained  interlaminar  shear  strength  by  25%. 

Clearly,  the  environment  has  a  significant  impact  on  the  strength  and  durability  of 
SiC  fibers  over  time,  especially  at  elevated  temperatures.  For  SiC  fibers,  it  is  evident 
that  oxygen-containing  environments,  and  particularly  water  vapor  [1,  23,  85,  89- 
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91,  142,  152,  155,  157,  167-169],  cause  degradation  of  the  fiber  performance.  Since 
fiber  performance  determines  the  ultimate  performance  of  the  CMC  [24,  153,  155], 
it  is  critical  to  understand  fiber  behavior  in  general  and  particularly  in  the  working 
environment  of  the  CMC. 

2.5  Implications  for  Current  Research 

Results  of  the  aforementioned  studies  on  SiC  fibers  and  CMCs  reveal  the  degrad¬ 
ing  effect  of  air  and,  particularly,  steam  on  the  creep  performance  of  fiber-reinforced 
CMCs.  The  fiber  dominates  the  mechanical  behavior  of  a  composite  with  0/90  fiber 
orientation  under  tensile  loading  [4,  159],  so  fiber  degradation  is  a  significant  part  of 
composite  degradation  [166].  It  is  recognized  that  the  Hi-Nicalon™  S  fiber  has  the 
highest  creep  resistance  of  any  commercially  available  non-oxide  fiber.  The  superior 
creep  performance  of  the  Hi-Nicalon™  S  fiber  is  due  to  a  reduced  amount  of  free  car¬ 
bon,  as  compared  to  its  predecessors,  that  limits  grain  growth  that  would  otherwise 
be  extensive  at  high  temperatures  and  to  the  presence  of  larger  grains  than  its  pre¬ 
decessors.  Another  factor  is  the  absence  of  sintering  aids  that  can  cause  higher  creep 
rates  and  poor  strength  retention  in  fibers.  In  spite  of  these  advantages,  degradation 
of  the  creep  performance  of  Hi-Nicalon™  S  fibers  in  the  presence  of  steam  is  likely  the 
primary  cause  of  the  degraded  creep  performance  of  the  Hi-Nicalon™  S-reinforced 
CMCs  in  a  steam  environment.  Active  and  passive  oxidation  significantly  affect  creep 
performance  and  are  dictated  by  the  thickness  and  crystallization  rate  of  the  silica 
scale.  The  formation  of  the  silica  scale,  in  turn,  depends  on  the  temperature,  envi¬ 
ronment,  and  applied  stress.  A  thorough  understanding  of  the  creep  performance  of 
Hi-Nicalon™  S  fiber  tows  in  the  presence  of  steam  is  key  to  understanding  the  mech¬ 
anisms  behind  the  degradation  of  the  creep  resistance  of  SiC-based  CMCs  in  steam. 
Therefore,  it  is  important  to  investigate  the  creep  behavior  of  Hi-Nicalon™  S  fiber 
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tows,  to  determine  the  creep  rates,  and  to  identify  the  underlying  microstructural 
creep  mechanisms  operating  at  elevated  temperature  in  steam.  Though  Steffens  and 
Shillig  have  made  progress  on  this  front,  this  task  has  yet  to  be  completed,  mainly 
because  of  the  need  identified  by  their  work  for  different  test  facility  and  methodology. 
This  different  facility  was  successfully  developed  as  a  part  of  the  current  work. 
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III.  Experimental  Methods 


“The  experimentist  in  solid  mechanics  has  two  main  challenges.  The 
first  and  by  far  the  most  important  is  to  establish  the  form  and  content  of 
constitutive  equations  in  the  wide  variety  of  solids  extant  in  nature.  This 
is  a  function  which  he  and  he  alone  can  perform.  The  second... is  to  de¬ 
termine  experimentally  whether  or  not  restricted  specified  forces  and/or 
displacements  applied  to  finite  bodies  of  defined  geometry  actually  do  pro¬ 
duce  the  stress,  strain,  displacement,  particle  velocity,  rotational  distribu¬ 
tions,  and  magnetic,  electrical,  and  thermal  fields,  which  the  assumptions 
of  a  given  set  of  constitutive  equations  would  suggest.”  [170] 

The  above  quote  from  “Mechanics  of  Solids,  Vol.  1:  The  Experimental  Foundation 
of  Solid  Mechanics”  by  James  F.  Bell  captures  the  essence  of  what  it  means  to  be 
an  experimentist,  namely,  to  provide  the  substance  of  models  of  physical  phenomena 
and  to  verify  that  the  model’s  predictions  actually  do  occur  in  the  physical  world. 
This  experimental  research  effort  is  squarely  in  line  with  Bell’s  comments.  The  ex¬ 
perimental  methods  used  and  developed  in  this  research  effort  specifically  addressed 
the  following  objectives: 

•  Determine  the  effects  of  silicic  acid-saturated  steam  on  the  strength  and  creep 
performance  of  Hi-Nicalon™  S  non-oxide  SiC  fibers  at  800°C 

•  Evaluate  the  efficacy  of  the  Monkman-Grant  relationship  and  a  environmentally 
assisted  subcritical  crack  growth  model  for  Hi-Nicalon™  S  fiber  tows 

•  Evaluate  oxidation  damage  and  elucidate  damage  and  failure  mechanisms  of 
Hi-Nicalon™  S  fiber  tows 


In  order  to  achieve  these  objectives,  an  appropriate  test  facility  and  methodology 
had  to  first  be  designed,  developed,  built,  and  validated.  This  was  done  and  prelimi¬ 
nary  results  addressing  each  of  the  above  objectives  were  successfully  obtained.  The 
test  facility  was  built  to  generate  steam  at  or  near  test  temperatures  with  or  without 


59 


silicic  acid  saturation  and  was  validated  by  testing  of  Hi-Nicalon™  S  fiber  tows  at 
800°C  in  air  and  silicic  acid-saturated  steam.  The  second  objective  was  achieved  by 
post-test  analysis  of  the  creep  and  tensile  test  data.  Microstructural  analysis  using 
SEM  and  optical  microscopy.  Examination  under  transmission  electron  microscopy 
(TEM)  was  also  attempted. 

The  experimental  facility  used  in  this  effort  was  designed  and  built  in  the  Mechan¬ 
ics  of  Advanced  Aerospace  Materials  Laboratory  of  the  Department  of  Aeronautics 
and  Astronautics  (ENY)  at  AFIT.  Methods  for  testing  ceramic  fiber  tows  under  mono¬ 
tonic  tension  and  in  creep  at  elevated  temperature  in  air  and  in  steam  environments 
were  also  developed.  The  design  of  the  facility  and  development  of  the  methodology 
were  influenced  by  the  work  of  Armani  [4],  Steffens  [1],  and  Shillig  [23].  While  some 
of  the  information  in  the  following  two  sections  describing  the  test  facility  and  the 
test  methodology  has  its  foundations  in  the  work  of  Armani,  Steffens,  and  Shillig,  the 
facility  is  significantly  different  and  the  new  methodology  reflects  the  difference. 

3.1  Creep  Testing  of  Fiber  Tows 

As  mentioned  in  chapter  two,  it  has  been  established  that  fiber  bundles  fail  at 
lower  stresses  than  the  strength  predicted  by  testing  of  individual  filaments  [115 — 
119] .  Dassios  et  al.  [118]  and  Calard  and  Larnon  [119]  concluded  that  testing  of 
fiber  tows  provided  more  accurate  results  for  fiber  strength  and  prediction  of  CMC 
performance  than  testing  of  individual  filaments.  Additionally,  time  and  available 
resources  preclude  the  testing  of  each  individual  fiber  in  the  fiber  tow.  These  obser¬ 
vations  and  conclusions  provide  a  compelling  basis  for  testing  fiber  tows  rather  than 
single  filaments,  therefore,  this  work  involved  only  the  testing  of  fiber  tows. 

The  creep  performance  of  Hi-Nicalon™  S  fiber  tows  was  investigated  in  air  and 
steam  at  800°C  range,  with  creep  run-out  defined  as  100  h  at  creep  stress.  Experi- 


60 


merits  were  conducted  at  various  temperatures  and  creep  stress  levels  in  order  to  (1) 
quantify  the  creep  activation  energy,  (2)  establish  the  dependence  of  creep  behavior 
on  applied  stress,  (3)  measure  the  steady-state  creep  rates,  and  (4)  evaluate  the  ef¬ 
fects  of  steam  and  silicic  acid-saturated  steam  environments  on  creep  behavior.  After 
these  effects  were  determined,  the  microstructure  and  damage/failure  mechanisms 
were  investigated.  The  microstructural  investigation,  in  conjunction  with  the  analy¬ 
sis  of  the  experimental  data,  provided  insight  into  the  creep  and  the  environmental 
degradation  mechanisms  present  in  these  SiC  fibers. 

Creep  tests  were  performed  in  air  and  silicic  acid-saturated  steam.  In  each  test, 
load-displacement  data  was  recorded  during  the  temperature  ramp  up  and  heat-soak, 
during  loading  to  the  creep  stress  level,  and  during  the  actual  creep  period.  Applied 
stress,  thermal  strain,  total  mechanical  strain,  and  creep  strain  were  calculated  from 
this  data.  A  heating  rate  of  no  greater  than  1.0° C/s  was  used  to  reach  the  target 
temperature,  after  which  the  specimen  was  held  at  the  target  temperature  for  a 
minimum  of  45  minutes  in  order  to  achieve  thermal  equilibrium  before  the  application 
of  the  test  load.  During  heat-up  and  heat-soak  each  specimen  experienced  a  small 
(10-20  g)  load  in  order  to  keep  the  fiber  tow  taut.  This  small  load  amounts  to  1.5  - 
3.5  MPa  (214  -  505  psi)  of  stress  on  the  fiber  bundle. 

A  compact  two-zone  resistance-heated  MTS  653. 03A  furnace,  shown  in  Figure  20, 
provided  the  high  temperature  environment.  The  furnace  has  silicon  carbide  heating 
elements  and  non-contacting  R  type  control  thermocouples,  which  supply  feedback  to 
an  MTS  409.83  temperature  controller.  The  furnace  has  a  90  mm  (3.5  in.)  hot  zone. 
A  high  resolution  Schaevitz  M12-30  linear  variable  differential  transformer  (LVDT) 
was  used  to  provide  accurate  displacement  measurements.  Methods  to  determine 
strain  from  displacement  measurements  are  detailed  later  in  this  section.  Data  was 
acquired  using  an  MTS  FlexTest  40  digital  controller. 
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Figure  20.  Two-zone  resistance-heated  MTS  653. 03A  furnace  with  silicon  carbide  heat¬ 
ing  elements,  R  type  control  thermocouples  and  a  90  mm  (3.5  in.)  hot  zone 


All  tests  employed  a  susceptor  (test  chamber)  made  from  99.8%  pure  alumina 
tubing  with  end  caps,  designed  to  fit  inside  the  furnace.  The  central  section  of  the 
fiber  tow  was  inside  the  susceptor  with  the  ends  of  the  fiber  tow  passing  through 
slots  in  the  susceptor  end  caps.  The  use  of  a  susceptor  has  been  shown  to  result  in 
a  more  uniform  and  repeatable  temperature  distribution  along  the  gauge  section  of 
the  fiber  tow  specimen  [1,  23].  The  susceptor  provides  a  smaller  volume  for  the  test 
environment  than  that  of  the  entire  furnace.  The  temperature  and  steam  environment 
is  much  easier  to  maintain  in  the  smaller  volume.  Also,  the  susceptor  prevents  the 
heating  elements  from  directly  radiating  the  specimen,  which  would  otherwise  result  in 
significant  differences  in  temperature  along  the  fiber  depending  on  distance  and  direct 
line  of  site  from  the  heating  elements  to  the  test  specimen.  Instead,  the  susceptor 
absorbs  the  radiant  heat  from  the  heating  elements  and  reradiates  it  more  uniformly 
to  the  test  specimen,  resulting  in  a  more  uniform  temperature  profile  along  the  test 
specimen.  Another  benefit  of  the  susceptor  is  that  it  protects  the  heating  elements 
from  exposure  to  steam,  extending  life  and  effectiveness  of  the  heating  elements  and, 
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consequently,  the  life  of  the  entire  test  system.  As  mentioned  above,  a  supply  tube 
delivers  steam  to  the  susceptor  at  the  bottom  of  the  chamber.  A  feeding  tube  supplied 
dry  air,  steam,  or  silicic  acid-saturated  steam  to  the  susceptor. 

A  detailed  description  of  the  specimen  mounting  procedure  and  of  the  creep  test 
procedures  is  given  by  Armani  [4]  and  Steffens  [23].  Figure  21  shows  the  susceptor 
and  feeding  tube  assembled  in  one  half  of  the  furnace.  Figure  22  shows  a  fiber  tow 
specimen  mounted  in  the  dead  weight  creep  testing  facility. 


Figure  21.  Alumina  susceptor  and  feed  tube  assembled  in  one  half  of  the  furnace, 
reproduced  from  [4] 
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Figure  22.  Fiber  tow  creep  test  setup 
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3.1.1  Furnace  Temperature  Profile. 


To  generate  a  temperature  profile,  temperature  was  measured  along  the  entire 
height  of  the  furnace  using  a  K-type  thermocouple.  Temperature  profiles  for  fiber 
tow  testing  were  characterized  using  the  same  procedure  as  in  prior  work  [1,  4,  23], 
with  one  exception.  Rather  than  taking  temperature  readings  at  specific  intervals 
vertically  along  the  centerline  of  the  furnace,  as  was  done  previously,  temperature 
readings  were  taken  during  a  continuous  vertical  sweep  along  the  centerline  of  the 
furnace.  This  was  accomplished  by  adding  the  required  hardware  to  the  MTS  Flex 
Test  40  controller  to  record  the  temperature  via  the  computer  and  by  writing  a 
program  to  collect  the  data  while  sweeping  from  the  bottom  of  the  furnace  to  the 
top.  The  sweep  rate  was  no  faster  than  0.014  mrn/s  (5.5  x  10~4  in.)  so  as  to  minimize 
any  latency  in  the  thermocouple  response.  Temperature  readings  were  taken  with 
a  K-type  thermocouple  capable  of  accuracy  to  within  2.2°C  up  to  1250°C.  The 
thermocouple  was  attached  to  the  ram  of  the  servo-hydraulic  machine  via  a  magnetic 
fixture,  allowing  for  controlled  probing  throughout  the  height  of  furnace. 

To  protect  the  upper  grip  and  the  specimen  tab  from  the  high  temperatures  of  the 
furnace,  a  1.27  cm  (0.5  in.)  thick  piece  of  oxide  insulation  board  was  placed  on  top  of 
the  furnace.  The  setpoints  of  the  temperature  controllers  were  determined  to  ensure 
accurate  temperature  control.  First,  the  thermocouple  was  positioned  in  the  center  of 
the  furnace  and  the  temperature  was  increased.  Then,  the  thermocouple  was  moved 
up  and  down  from  the  center  of  the  furnace  and  the  setpoints  were  adjusted  until 
the  desired  temperature  profile  was  achieved.  Once  the  setpoints  for  the  tempera¬ 
ture  controllers  were  determined,  a  detailed  temperature  profile  was  established  by 
recording  temperature  values  continuously  along  the  height  of  the  furnace  starting 
just  below  bottom  end  cap  of  the  susceptor  and  ending  just  above  the  top  end  cap,  a 
total  travel  of  100  mm  (3.937  in.).  Figures  23  and  24  show  the  temperature  profiles 
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determined  using  this  method  for  air  and  steam,  respectively.  Individual  temperature 
profiles  for  temperatures  from  400  -  1000°C  can  be  found  in  Appendix  A. 
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Figure  23.  Temperature  profiles  in  air  for  the  current  work  with  data  from  Steffens  [1] 
and  Shillig  [23]  for  comparison. 
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Figure  24.  Temperature  profiles  in  silicic  acid  saturated  steam  for  the  current  work 
with  data  from  Steffens  [1]  and  Shillig  [23]  for  comparison. 
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3.1.2  Strain  Measurement. 


It  is  impractical  to  directly  measure  the  strain  of  a  fiber  bundle  due  to  the  difficulty 
in  general  of  attaching  a  measuring  device  to  the  fibers  and  particularly  within  a 
furnace.  There  is  no  way  to  mount  a  strain  gauge  on  the  fibers  due  to  their  small 
size.  Additionally,  the  use  of  an  extensometer  will  not  work  with  a  fiber  bundle 
because  it  relics  on  contact  between  the  extensometer  rods  and  a  rigid  surface.  The 
fiber  bundle  is  not  rigid.  As  such,  an  indirect  method  was  used  to  determine  the 
strain. 

Once  the  temperature  profiles  of  the  furnace  were  obtained,  an  effective  gauge 
length  of  the  test  specimen  was  calculated  for  each  test  temperature  using  techniques 
demonstrated  by  Morrell  [171],  Kandil  and  Dyson  [172],  and  DiCarlo  [173]  and  used 
successfully  by  Armani.  In  these  efforts,  the  error  in  strain  resulting  from  measuring 
the  displacement  outside  of  the  furnace  was  estimated  and  was  found  to  be  small  com¬ 
pared  to  errors  inherent  in  accurately  measuring  the  temperature.  Yun,  et  al.  [174] 
calculated  creep  deformation  another  way.  The  majority  of  the  creep  deformation 
of  the  fiber  tow  was  assumed  to  occur  in  a  hot  zone  with  a  flat  temperature  profile. 
This  flat  profile  was  defined  as  a  maximum  temperature  gradient  of  6°C  or  less  across 
the  hot  zone.  Yun  et  al.  validated  this  assumption  using  a  hot  grip  method.  Prat- 
ically  speaking,  this  method  was  the  same  as  that  used  by  Kandil  and  Dyson  [172], 
After  the  effective  gauge  length  of  the  heated  fiber  tow  is  determined,  the  measured 
displacements  can  be  converted  to  engineering  strain.  Steffens  [1]  and  Shillig  [23] 
also  employed  this  method  successfully.  This  technique  and  Armani’s  method  for 
calculating  the  strain  was  used  in  the  current  work  and  is  reviewed  here. 

Consider  a  test  specimen  with  a  constant  cross  section  and  a  length  of  2L.  Defining 
the  center  of  the  specimen  gauge  length  as  zero,  creep  occurs  over  the  total  length 
from  L  to  L.  Outside  of  these  bounds,  creep  is  negligible  due  to  significantly  lower 
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temperature.  As  such,  the  total  measured  strain  and  total  measured  strain  rate  are: 


- 

~  2 L 


(5) 


measured  extension  rate  1  fL  ,  . 

£“  = - 2L - =  2 L  J_LE<“  (6) 

Since  the  specimen  is  subject  to  varying  temperature  along  its  length,  it  follows  that 
strain  and  strain  rate  will  also  vary  along  the  specimen’s  length.  The  total  measured 
strain  and  strain  rate  equations  account  for  variations  in  strain  and  strain  rate  along 
the  specimen  length.  At  the  hottest  sections,  the  amount  of  strain  or  strain  rate  will 
be  greater  than  at  a  lower  temperature.  The  strain  and  strain  rate  obtained  from 
the  specimen  gauge  section  at  the  desired  maximum  temperature  at  the  center  of  the 
furnace  are  denoted  by  a  subscript  “o”  and  used  as  a  reference  for  comparison.  The 
strain  at  the  center  of  the  furnace  can  be  obtained  by  calculating  the  time  integral 
of  the  strain  rate  at  the  center  of  the  furnace.  This  strain  can  also  be  described  by 
the  overall  change  in  length  of  the  entire  specimen  divided  by  a  hypothetical  length 
called  the  effective  gauge  length,  (2 L)eff.  This  effective  gauge  length  is  akin  to  the 
gauge  length  of  a  hypothetical  step-function  temperature  profile  in  which  all  the 
strain  is  accumulated  under  the  peak  temperature  and  zero  strain  is  achieved  under 
the  lower  temperature.  Therefore,  the  strain  at  the  desired  maximum  temperature 
can  be  written  in  terms  of  the  effective  gauge  length: 
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And  similarly,  for  the  strain  rate  at  the  maximum  temperature  (i.e.  strain  rate  at  the 
center  of  the  furnace): 


measured  extension  rate 

(2L)eff 
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The  ratio  of  Equations  6  and  8  yields: 
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The  general  power-law  creep  equation  can  now  be  applied.  Considering  that  the  stress 
is  uniform  along  the  specimen  and  that  temperature  is  a  function  of  location  along 
the  fiber  tow  specimen: 

i=Aa"exp{mj)  (10) 

Using  Equations  6,  9  and  10,  the  ratio  of  the  measured  strain  rate  to  the  actual  strain 
rate  reduces  to  a  function  of  temperature  only: 
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Applying  a  numerical  approach,  the  integral  becomes  a  summation  of  increments  of 
length  h  such  that  L  =  kh,  where  k  is  an  integer.  The  ratio  of  the  measured  strain 
rate  to  the  actual  strain  rate  is 
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An  effective  gauge  length  can  now  be  calculated  using  this  numerical  approach  such 
that: 


(2L)eff  =  2L  (£f) 
\  / 


(13) 
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This  effective  gauge  length  enables  the  calculation  of  strain  and  strain  rate  from 
displacement  measurements  taken  outside  the  hot  zone  of  the  furnace. 

The  elongation  of  the  fiber  tow  specimens  was  measured  with  a  Schaevitz  M12- 
30  LVDT.  For  tensile  creep  testing,  fiber  tow  specimens  were  suspended  from  an 
extendable  fixture.  The  LVDT  is  connected  to  the  bottom  tab  of  the  fiber  tow 
specimen.  A  rod  extending  from  the  bottom  of  the  LVDT  core  holds  the  dead  weight, 
as  shown  in  Figure  22.  Slow  application  of  the  creep  load  is  critical  to  preventing 
damage  to  the  tow  specimen  during  initial  loading.  Therefore,  a  hand-driven  screw 
elevator  was  used  to  apply  the  load  to  the  fiber  tow  specimens. 

Using  the  method  described  above,  the  temperature  profiles  reported  in  section 
3.1.1,  and  the  activation  energy  reported  by  Gauthier  and  Lamon  [121]  of  177  kJ/mol 
(168  Btu),  values  of  effective  gauge  length  were  calculated  for  each  test  temperature 
in  air  and  steam.  These  values  are  listed  in  Table  8  and  depicted  Appendix  A  in 
Figures  A.l  through  A.  14. 

Table  8.  Effective  gauge  lengths  at  tested  temperatures  in  air  and  in  steam. 


Temp  (°C) 

Effective  Length  (mm) 

Air 

Steam 

400 

51.72 

48.55 

500 

59.84 

54.83 

600 

62.00 

61.83 

700 

65.70 

71.03 

800 

71.75 

73.51 

900 

74.46 

86.52 

1000 

77.58 

79.08 

3.2  Creep  Testing  in  Air  a  Elevated  Temperature 

Creep  tests  were  performed  in  dry  air  at  800°C.  However,  the  test  facility  was 
designed  and  built  for  use  at  lower  temperatures  as  well.  At  lower  temperatures,  it 
is  possible  to  have  some  small  amount  of  moisture  in  laboratory  air.  This  moisture 
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can  affect  the  fiber  tow  oxidation  and,  therefore,  the  creep  rate  and  creep  strain.  It  is 
important  to  minimize  the  possible  effects  of  moisture  in  the  air  as  much  as  possible. 
Therefore,  the  test  methodology  developed  for  this  effort  addressed  this  concern. 

Compressed  air  has  a  significantly  reduced  amount  of  moisture  in  it,  because  the 
compression  process  causes  the  water  vapor  to  condense  out  of  the  air  and  the  water 
is  siphoned  out  of  the  compressed  air  tank.  Compressed  air  was  introduced  into  the 
test  chamber  via  alumina  tubing  passing  through  a  set  of  pre-heaters  that  heat  the  air 
to  at  least  two-thirds  of  the  test  temperature  before  the  air  enters  the  test  chamber. 
The  air  flow  rate  was  calculated  by  measuring  the  linear  flow  rate  using  a  Testo  410-2 
hand-held  anemometer  and  multiplying  by  the  cross-sectional  area  of  the  tubing.  The 
linear  flow  rate  was  less  than  the  resolution  of  the  anemometer,  so  the  volumetric  flow 
rate  was  less  than  301.6  ml/min  (18.41  in3/min). 

3.3  Tensile  Testing  of  Fiber  Tows 

The  tensile  strength  of  Hi-Nicalon™  S  fiber  tows  was  investigated  in  air  and 
steam  at  800° C  range.  First,  fast  fracture  tensile  tests  were  conducted  in  order 
to  verify  the  tensile  strength  of  the  fiber  tows  at  room  temperature  and  elevated 
temperature.  Fast  fracture  tensile  tests  were  conducted  only  in  air  because  the  short 
duration  precludes  any  appreciable  effects  due  to  the  presence  of  steam,  rendering 
tests  in  steam  unnecessary.  Fast  fracture  tensile  tests  were  conducted  at  10  MPa/s 
(1.45  ksi/s). 

Next,  experiments  were  conducted  at  the  same  temperature  as  the  fast  fracture 
tests  and  applied  stress  rates  were  varied  in  order  to  (1)  determine  if  slow  crack 
growth  (i.e.  delayed  failure  or  EACG)  is  a  dominant  failure  mechanism,  (2)  evaluate 
the  slow  crack  growth  parameters,  if  any,  and  (3)  evaluate  the  effects  of  steam  and 
silicic  acid-saturated  steam  environments  on  tensile  behavior  and  slow  crack  growth. 
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The  microstructure  and  damage/failure  mechanisms  were  then  investigated  in  order 
to  provide  insight  into  the  creep  and  the  environmental  degradation  mechanisms 
present  in  these  SiC  fibers. 

Tensile  tests  were  performed  using  an  MTS  Landmark™  370.02  servohydraulic 
test  facility  (Figure  25)  fitted  with  an  MTS  force  transducer,  model  661.11B-02,  with 
a  test  load  capacity  up  to  500N  (110  lbs).  The  test  system  is  equipped  with  water 
cooled  MTS  647. 02B  hydraulic  wedge  grips.  A  compact  two-zone  resistance-heated 
MTS  653. 03A  furnace,  shown  in  Figure  20,  provided  the  high  temperature  environ¬ 
ment.  An  MTS  FlexTest  40  digital  controller  provided  the  input  signal  generation 
and  for  data  acquisition.  Tests  were  conducted  in  air  and  silicic  acid-saturated  steam 
at  various  applied  stress  rates.  In  each  test,  stress  was  applied  at  a  specific  rate  until 
failure  of  the  fiber  tow  was  achieved.  Force,  displacement,  and  time  data  was  recorded 
and  applied  stress  was  calculated  from  this  data.  A  heating  rate  of  1.0°C/s  was  used 
to  reach  the  target  temperature,  after  which  the  specimen  was  held  at  the  target 
temperature  for  a  minimum  of  45  minutes  in  order  to  achieve  thermal  equilibrium 
before  the  application  of  the  test  load. 
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Figure  25.  MTS  Landmark7  M  370.02  servohydraulic  test  facility,  reproduced  from  [4] 


3.4  Test  Specimen  Preparation 

Test  specimens  were  prepared  using  the  three-tab  method  developed  by  Steffens 
[1],  In  this  method,  a  centerline  hole  is  punched  in  the  fiberglass  tabs  so  that  the 
fiber  tow  specimen  can  be  hung  from  the  hook  fixtures  of  the  creep  test  facility. 
In  preparing  the  fiber  tow  test  specimens,  portions  of  the  tow  that  contain  obvious 
damage,  such  as  broken  filaments  and  bent  fibers,  are  discarded.  Fiberglass  tabs  are 
positioned  17.78  cm  (7  in.)  apart  on  the  grid  of  a  cutting  board.  Each  tow  section 
is  aligned  over  the  tabs,  using  the  grid  lines,  and  taped  onto  the  cutting  board.  The 
fiber  tow  bisects  the  centerline  holes  in  each  tab  to  ensure  that  only  axial  loading 
is  present  during  testing.  A  two  part  epoxy  is  applied  to  the  tow  section  on  top  of 
the  primary  tab  and  the  secondary  fiberglass  tab  is  applied  so  that  the  tow  and  the 
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epoxy  are  sandwiched  between  the  tabs.  Once  the  adhesive  has  sufficiently  thickened 
(approximately  5  minutes),  the  excess  tow  protruding  beyond  the  tabs  is  folded  toward 
the  test  section  and  the  two-part  epoxy  is  then  applied  to  the  folded  tow  section  on 
top  of  the  secondary  tab.  Finally,  a  tertiary  tab  is  applied  in  order  to  sandwich  the 
folded  portion  of  the  tow  between  the  secondary  and  tertiary  fiberglass  tabs.  After 
the  adhesive  has  fully  cured,  the  excess  tow  protruding  beyond  the  tertiary  tab  is 
cut  with  a  razor  blade.  The  final  length  of  the  fiber  tow  specimen  measured  between 
tabs  is  17.78  cm  (7  in.)  for  all  experiments.  This  process  is  presented  step-by-step 
in  Appendix  Al  of  Steffens  [1].  The  primary  tab  is  4.45  cm  (1.75  in.)  x  2.54  cm 
(1.0  in.),  the  secondary  tab  is  2.54  cm  (1.0  in.)  x  2.54  cm  (1.0  in.)  and  the  tertiary 
tab  is  1.91  cm  (0.75  in.)  x  1.91  cm  (0.75  in.).  Figure  26  shows  the  steps  of  the 
specimen  preparation  process. 


Figure  26.  Fiber  tow  creep  test  specimen  preparation  process,  reproduced  from  [23] 

Tensile  test  specimens  were  fabricated  in  a  similar  manner,  with  a  minor  difference. 
Instead  of  the  three-tab  method,  two  of  the  primary  tabs  are  used  with  no  hole 
punched.  The  fiber  tow  is  held  in  place  between  the  two  tabs,  and  the  tabs  held 
together  using  the  same  two-part  epoxy.  The  fiber  tow  is  sandwiched  between  the 
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two  tabs  and  the  epoxy  allowed  to  cure.  The  primary  tabs  are  then  placed  between 
the  hydraulic  grips  of  the  loadframe  and  the  fiber  is  held  in  place  for  testing. 

3.5  Silicic  Acid-Saturated  Steam  Generation 

In  the  previous  work  by  Armani  [4],  Steffens  [1],  and  Shillig  [23],  steam  was 
generated  by  a  model  HGA-H  steam  generator  (made  by  MHI)  (Figure  27)  using 
deionized  water.  This  steam  was  then  introduced  into  the  test  chamber  through 
a  feeding  tube  in  a  continuous  stream  with  a  slightly  positive  pressure,  expelling 
the  dry  air  and  creating  a  near  100%  steam  environment  inside  the  susceptor.  The 
susceptor  enabled  a  more  uniform  heat  transfer  from  the  heating  elements  to  the 
fiber  tow,  while  protecting  the  interior  of  the  furnace,  including  the  heating  elements 
and  thermocouples,  from  the  degrading  effects  of  the  steam  environment.  Due  to 
limitations  of  the  steam  generator,  steam  was  introduced  at  a  temperature  far  below 
the  test  temperatures. 


Figure  27.  HGA-H  (MHI)  steam  generator. 


As  mentioned  in  Chapter  1,  Steffens  reported  that  all  of  the  fiber  tows  tested  in 
steam  failed  at  the  same  location  along  the  fiber  tow  specimen,  as  seen  in  Figure  28. 
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This  location  coincided  exactly  with  the  steam  entry  point  into  the  test  chamber, 
indicating  a  problem  with  the  steam  delivery  system.  Steffens  concluded  that  the 
steam  impinging  on  the  fiber  tow  caused  the  fibers  to  fail  at  that  location.  Such  lo¬ 
calized  failures  could  be  caused  by  the  aerodynamic  force  of  the  steam  impinging  on 
the  fiber  tow  generating  a  bending  moment,  but  this  is  unlikely  due  to  the  minimal 
flow  rate  used  (0.8  ml/min  of  water  into  the  steam  generator).  It  was  thought  that 
the  comparatively  cold  steam  significantly  lowered  the  fiber  tow  temperature  in  that 
location,  resulting  in  preferential  failure  at  that  point.  However,  it  was  later  deter¬ 
mined  that  significant  active  oxidation  at  the  point  of  impingement  was  the  cause. 


Figure  28.  Effect  of  steam  impinging  on  fiber  tows  upon  entry  into  the  test  chamber, 
reproduced  from  [1].  Note  that  all  specimens  failed  at  the  point  of  steam  impingement. 


Shillig  modified  the  steam  delivery  system  to  deflect  the  steam  downward  as  it 
enters  the  chamber,  so  as  not  to  impinge  directly  on  the  fiber.  While  this  modification 
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solved  the  problem  of  fiber  tow  failure  at  the  steam  point  of  entry,  there  was  some 
question  as  to  whether  fiber  performance  is  affected  by  the  cooler  steam  temperature. 
The  steam  entering  the  test  chamber  was  at  ~100°C,  effectively  bathing  the  fiber  in 
“cold”  steam,  possibly  creating  radial  temperature  gradients  within  the  fiber.  The 
“cold”  steam  could  also  result  in  a  significant  difference  in  the  temperature  of  the 
individual  fibers  of  the  fiber  tow.  Those  on  the  outside,  exposed  to  the  “cold”  steam 
may  be  at  lower  temperatures  than  those  towards  the  center  of  the  fiber  tow.  Due  to 
thermal  expansion  differences  at  the  different  temperatures,  this  could  result  in  pref¬ 
erential  loading  of  the  outer  fibers,  leading  to  a  cascading  failure  effect  and  premature 
tow  failure. 

The  current  effort  made  use  of  the  HGA-H  steam  generator  used  in  previous 
testing,  as  well  as  a  newer  model  of  the  same  steam  generator,  model  HGA-S.  The 
newer  model  includes  an  over-temperature  thermocouple  in  the  steam  generation 
chamber  housing  that  allows  accurate  monitoring  of  the  temperature  of  the  steam 
generator  and  provides  that  feedback  to  the  system  controller  as  a  fail-safe  against 
overheating.  Deionized  water  was  pumped  into  the  steam  generator  using  an  Cole 
Parmer®  Easy  Load®  peristatlic  pump,  model  7518-10.  A  Variac  rheostat  controlled 
the  power  input  to  the  steam  generator  and  determined  the  steam’s  exit  temperature. 

3.5.1  Reaching  Desired  Temperatures. 

As  discussed  in  Chapter  1,  Shillig  discovered  that  exposure  to  steam  resulted  in 
varying  types  and  degrees  of  oxidation  along  the  length  of  the  fiber  tows.  In  the  test 
facility,  the  steam  enters  at  the  bottom  of  the  test  chamber  and  is  chemically  altered 
as  it  travels  up  through  the  test  chamber  along  the  fiber  tow,  extracting  silicon  from 
the  fiber  tow  to  become  saturated  with  silicic  acid  (Si[OH]4)  as  it  reaches  the  top  of 
the  hot  zone.  This  saturation  process  that  occurs  inside  the  test  chamber  resulted 
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in  a  loss  of  material  in  the  fiber  tow  toward  the  bottom  of  the  test  chamber,  due  to 
active  oxidation,  and  a  growth  of  silica  scale  toward  the  top,  due  to  passive  oxidation 
that  occurs  once  the  steam  has  become  saturated.  A  gradual  change  was  observed 
between  the  bottom  and  the  top  of  the  fiber  tow.  These  results  were  also  evident 
in  fiber  tow  specimens  from  Steffens’  work,  which  may  have  contributed  to  fibers 
all  failing  at  the  same  location.  It  is  likely  that  the  steam  impinging  on  the  fiber 
tows  preferentially  depleted  silicon  from  that  spot  along  the  fiber  tow,  leading  to 
accelerated  fiber  degradation  and  consistent  failure  at  the  point  of  impingement. 

These  tests  identified  an  effect  of  the  steam  delivery  methodology  that  made  it 
difficult  to  interpret  the  results.  It  was  not  possible  to  separate  the  effect  of  the 
methodology  from  that  of  the  steam  environment  on  the  fibers.  This  methodological 
effect  had  to  be  removed  in  order  to  truly  evaluate  the  effects  of  the  steam  environment 
on  the  SiC  fiber  tows. 

Additionally,  it  is  thought  that  SiC/SiC  CMCs  exposed  to  steam  would  likely 
experience  a  similar  phenomenon  in  which  steam  would  become  saturated  with  silicic 
acid  as  the  steam  moved  from  the  surface  deeper  into  the  cracks.  With  the  possible 
exception  of  reinforcing  fibers  very  near  the  surface  of  the  CMC,  the  steam  would 
likely  be  saturated  when  making  contact  with  fibers  exposed  by  the  crack.  Therefore, 
it  was  important  to  investigate  the  specific  effects  of  steam  saturated  with  silicic  acid 
on  the  mechanical  behavior  SiC  fiber  tows. 

To  avoid  the  chemical  alteration  of  the  fiber  tow,  the  steam  must  be  saturated 
with  silicic  acid  at  test  temperature  prior  to  entering  the  test  chamber.  A  test  facility 
had  to  be  designed  that  permits  pre-heating  of  the  steam  up  to  test  temperature  as 
well  as  saturation  of  the  steam  with  silicic  acid  before  it  enters  the  test  chamber.  The 
challenges  associated  with  this  task  included: 

•  Heating  the  steam  safely  to  or  above  test  temperature 
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•  Maintaining  the  steam  temperature  during  its  travel  through  the  pre-heater 

•  Introducing  the  steam  into  the  test  chamber  at  or  near  test  temperature 

•  Regulating  the  steam  flow  rate 

•  Saturating  the  steam 

The  first  challenge  was  to  preheat  the  steam  such  that  it  would  be  at  or  near 
test  temperature  (800° C)  upon  entering  the  test  chamber.  Preheating  the  steam 
is  necessary  because  saturation  is  temperature-dependent.  If  the  saturated  steam 
introduced  into  the  test  chamber  is  below  the  test  temperature,  it  will  be  heated  up 
to  test  temperature  inside  the  test  chamber.  The  increase  in  temperature  increases 
the  capacity  of  the  steam  to  carry  silicic  acid,  resulting  in  unsaturated  steam  that 
will  extract  silicon  from  the  fiber  tow  in  order  to  become  saturated.  This  can  only  be 
avoided  by  introducing  the  steam  into  the  test  chamber  at  or  above  test  temperature. 
However,  if  the  steam  is  significantly  hotter  than  the  test  temperature,  it  will  cool  in 
the  test  chamber,  resulting  in  precipitation  of  silica  out  of  the  steam.  This  precipitated 
silica  may  deposit  on  the  fiber  tow,  interfering  with  the  scale  growth.  Therefore,  the 
temperature  of  the  saturated  steam  must  be  carefully  maintained. 

Steam  was  generated  by  a  model  HGA-S-01  steam  generator,  made  by  Micropy- 
retics  Heaters  International  (MHI),  using  deionized  water.  A  Variac  rheostat  controls 
the  power  input  to  the  HGA-S-01  steam  generator  and  determines  its  temperature. 
The  steam  generator  is  capable  of  delivering  steam  up  to  approximately  500°C.  A 
model  CX1300  heating  unit,  also  produced  by  MHI,  was  used  to  maintain  tempera¬ 
ture  and/or  heat  the  steam  further.  The  CXI 300  consisted  of  an  alumina  tube  passing 
through  a  cylindrical  insulated  heating  chamber  where  an  electrically  powered  molyb¬ 
denum  clisilicide  resistance  heating  coil  provided  the  heat.  A  stainless  steel  end  plate 
was  clamped  to  the  end  of  the  alumina  tube  and  a  hole  in  the  center  of  the  plate  with 
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a  stainless  steel  fitting  enabled  a  transition  to  smaller  tubing.  The  CX1300  can  be  set 
at  temperatures  as  high  as  1500°C  and  produce  steam  up  to  1300°C.  This  steam  was 
then  passed  to  the  test  chamber  via  stainless  steel  tubing  attached  to  the  alumina. 

Two  problems  were  noted  early  in  this  effort.  First,  the  steam  very  rapidly  loses 
temperature  upon  exiting  the  CX1300  such  that  1300°C  steam  was  really  only  ob¬ 
served  within  the  heating  chamber.  Even  this  was  questionable  due  to  the  radiative 
effect  of  the  heating  element  on  the  thermocouple  readings.  As  few  as  15.25  cm  (6  in) 
downstream,  even  800°C  was  not  consistently  achievable.  It  was  clear  that  signifi¬ 
cant  insulation  would  be  required.  Aluminosilicate  blanket  insulation  was  wrapped 
around  the  tubing,  including  that  portion  of  the  alumina  tube  protruding  from  the 
CX1300  heater.  This  insulation  retarded  the  heat  losses  in  the  tubing  enough  that 
800°C  steam  was  achieved  at  maximum  steam  generator  power  settings. 

The  second  problem  involved  the  steam  flow  rate.  Fiber  tow  testing  requires  a 
very  low  flow  rate  so  as  to  provide  the  steam  environment  but  avoid  aero  dynamically 
damaging  the  specimen.  Too  high  a  flow  rate  can  cause  the  fiber  tow  to  vibrate, 
resulting  in  chafing  of  the  individual  fibers  against  each  other  or  even  against  the 
edge  of  the  small  opening  at  the  to  or  bottom  of  the  test  chamber.  Ideally  the  flow 
rate  should  only  be  high  enough  to  induce  a  slightly  positive  pressure,  ensuring  that 
the  test  chamber  remains  completely  filled  with  steam.  Previous  work  by  Steffens 
[1]  and  Shillig  [23]  used  liquid  water  flow  rates  of  only  0.8  ml/min  (0.048  in3/min) 
and  2.0  ml/min  (0.122  in3/min),  respectively.  Work  by  Armani  [4],  Steffens  [1]  and 
Shillig  [23]  reported  flow  rates  in  terms  of  the  liquid  water  supply  into  the  steam 
generator,  as  regulated  by  the  water  pump  settings.  In  this  work,  flow  rates  are 
reported  in  terms  of  the  steam  flow  rate.  Steam  flow  rates  are  significantly  higher 
due  to  volume  expansion  incident  to  the  heating  and  vaporization  of  the  water.  A 
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1  ml/min  (0.061  in3/min)  liquid  water  supply  flow  rate  produces  a  steam  flow  rate  of 
approximately  294  ml/min  (18  in3 /min). 

Although  previous  work  was  done  with  much  lower  flow  rates,  steam  flow  rates  of 
4700  ml/min  (287  in3/min)  are  required  to  achieve  and  maintain  the  temperatures 
needed  for  this  testing.  This  is  due  to  the  significant  losses  at  high  temperatures.  A 
low  flow  rate  allowed  the  steam  to  dwell  in  the  tubing  between  the  heater  and  the 
furnace  containing  the  test  chamber  for  long  enough  that  the  temperature  dropped 
below  the  required  levels.  A  high  flow  rate  moved  the  steam  through  the  tubing  fast 
enough  to  maintain  temperature,  but  damaged  the  test  specimen  in  the  process. 

To  solve  the  competing  need  for  high  and  low  flow  rates,  a  bleed  off  tube  and  a 
set  of  stainless  steel  needle  valves  were  inserted  in  the  stainless  steel  tubing,  allowing 
control  of  the  flow  rate.  One  valve  was  placed  within  the  bleed  off  tube  and  the  other 
just  after  the  junction  with  the  bleed-off  tube.  By  closing  the  valve  in  the  bleed  off 
tube  and  opening  the  other,  all  of  the  flow  could  be  directed  to  the  test  chamber,  and 
vice  versa.  Adjusting  the  two  valves  in  combination  allowed  for  better  control  of  the 
flow  rate. 

The  stainless  steel  tubing  and  valve  design  worked  to  control  the  flow  rate,  but 
could  not  maintain  the  temperatures  at  the  reduced  flow  rate.  Additionally,  the  needle 
valves  had  seals  around  the  knobs  that  could  not  withstand  the  high  temperatures, 
eventually  melting  and  causing  leaks.  As  if  that  were  not  bad  enough,  the  stainless 
steel  end  cap  and  tubing,  now  well  insulated,  began  deteriorating  as  well.  Large 
amounts  of  metal  filings  and  flakes  were  found  in  the  test  chamber,  contaminating 
the  test  specimen  and  leading  to  the  decision  to  discontinue  use  of  metal  tubing 
downstream  of  the  CX1300  heater. 

It  was  noted  that  the  constant  removal  and  reapplication  of  the  blanket  insulation 
led  to  questionable  repeatability  in  the  test  procedure.  This,  in  addition  to  the 
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problem  with  the  metal  tubing  and  valves,  led  to  a  complete  redesign  of  the  steam 
delivery  system.  The  goal  was  to  decrease  the  distance  the  steam  must  travel  between 
the  heater  and  test  chamber  while  increasing  the  insulation  in  a  repeatable  way.  By 
doing  so,  the  heat  transfer  out  of  the  system  could  be  reduced  to  a  level  that  would 
enable  800°C  steam  just  prior  to  entering  the  test  chamber  furnace.  Also,  a  method 
to  bleed  off  some  of  the  steam  just  prior  to  entering  the  test  chamber  was  necessary. 

The  solution  came  in  five  developments.  First,  all  metal  tubing  was  replaced 
with  99.8%  pure  alumina  tubing.  The  alumina  tube  that  passes  through  the  CX1300 
heater  was  replaced  with  one  of  the  same  diameter,  but  5.08  cm  (2  in)  shorter.  The 
downstream  end  reduced  down  to  just  over  0.635  cm  (0.25  in),  negating  the  need  for 
the  stainless  steel  plate.  A  smaller  alumina  transition  tube,  1.5  mm  (0.590  in)  outer 
diameter,  1  cm  (0.394  in)  inner  diameter  and  7.62  cm  (3  in)  in  length,  was  placed  over 
the  reduced  end  of  the  larger  tube  and  then  the  0.953  cm  (0.375  in)  outer  diameter 
alumina  supply  tube  was  inserted  in  the  other  end.  The  supply  tube  protrudes  from 
the  furnace  only  about  2.54  cm  (1  in),  half  of  which  is  inserted  in  the  transition  tube. 
In  this  small  space  between  the  transition  tube  and  entry  into  the  furnace,  an  R- 
type  thermocouple  shielded  in  0.318  cm  (0.125  in)  diameter  alumina  passes  through 
a  tight  fit  hole  in  the  supply  tube,  enabling  monitoring  of  the  steam  temperature  just 
before  it  enters  the  furnace.  This  completed  the  transition  from  the  heater  to  the  test 
chamber.  In  all,  the  length  was  decreased  by  approximately  15.25  cm  (6  in). 

Next,  a  method  to  bleed  off  steam  was  devised  using  the  ceramic  tubing.  A 
0.953  cm  (0.375  in)  hole  was  ground  in  the  side  of  the  transition  tube  half  way  along 
its  length.  A  0.953  cm  (0.375  in)  alumina  bleed  off  tube  was  cut  at  45°  angle  at  the 
end  such  that  the  end  came  to  a  point.  This  end  was  then  inserted  into  the  transition 
tube.  The  45°  angle  allowed  easy  redirection  of  the  flow  down  the  bleed  off  tube. 
Because  this  tube’s  outer  diameter  was  nearly  identical  to  the  inner  diameter  of  the 
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transition  tube,  the  downstream  flow  to  the  furnace  could  be  almost  completely  cut 
off.  Only  the  very  small  openings  left  by  machining  defects  and  tolerances  allowed 
any  flow  to  continue  past  the  bleed  off  tube.  By  rotating  the  bleed-off  tube,  the 
flow  can  be  regulated.  A  90  degree  rotation  would  open  the  flow  as  wide  as  possible, 
leaving  very  little  bleed  off  flow.  This  bleed-off  assembly  is  shown  in  Figure  29. 


Figure  29.  Bleed-off  assembly  between  CX1300  pre-heater  and  test  chamber  inside  the 
furnace,  with  steam  inlet  thermocouple 

Experimentation  showed  that  very  little  rotation  (approximately  <  10°)  was  needed 
to  achieve  the  desired  temperatures.  With  this  new  design,  approximately  73%  of  the 
steam  was  removed  via  the  bleed  off  tube.  Flow  rates  for  the  bleed  off  and  the  test 
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chamber  inlet  were  ~3388  ml/rnin  (206.8  in3/min)  and  ~1282  ml/min  (78.3  in3/min), 
respectively,  as  measured  using  a  hand-held  anemometer. 

To  alleviate  the  repeatability  problem  and  improve  the  insulation,  solid  alumina 
insulation  was  used  to  replace  the  blanket  insulation.  This  third  development  was 
accomplished  through  a  layered  approach.  Four  2.54  cm  (1  in)  and  two  1.27  cm  (0.5  in) 
sheets  of  alumina  insulation  were  stacked,  allowing  for  easy  removal  and  replacement 
of  the  insulation.  An  approximately  1.525  mm  (0.600  in)  diameter  half-cylinder  of 
material  and  another  0.953  cm  (0.375  in)  half-cylinder  at  ninety  degrees  from  the  first 
were  machined  out  of  the  two  center  sheets  to  accommodate  the  transition  and  bleed 
off  tubes.  All  assembled,  the  insulation  measured  17.78  cm  (7  in)  high,  15.24  cm 
(6  in)  wide,  and  about  11.43  cm  (4.5  in)  along  the  steam  supply  direction,  leaving 
only  a  0.635  cm  (0.25  in)  gap  to  allow  for  the  steam  inlet  thermocouple.  This  gap  was 
filled  with  blanket  insulation.  Figure  30  shows  the  solid  alumina  insulation,  bleed  off 
tube,  and  blanket  insulation. 


Figure  30.  Layered  insulation  between  CX1300  pre-heater  and  furnace,  with  steam 
bleed-off  tube 
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The  fourth  development  was  to  use  two  CX1300  heaters  in  series,  rather  than 
just  one.  By  connecting  two  CX1300  heaters  in  series,  the  “heating  zone  of  the 
steam,  the  length  of  tubing  over  which  heat  energy  is  being  applied  to  the  steam 
was  doubled,  along  with  length  of  tubing  that  is  insulated  by  these  heaters.  This 
doubled  length  translated  to  twice  as  much  time  for  the  steam  to  absorb  heat  energy 
and  increase  in  temperature.  The  result  was  that  the  target  800°C  steam  could  be 
reached  consistently  and  at  lower  settings.  For  example,  with  the  steam  generator 
set  to  100%  power,  the  CX1300  only  had  to  be  set  to  between  950  and  1000°C. 
Additionally,  temperatures  higher  than  800° C  can  be  achieved.  Specifically,  900  and 
1000°C  saturated  steam  temperatures  were  demonstrated.  Figure  31  shows  the  entire 
test  facility. 


Figure  31.  Saturated  steam  creep  test  facility 


The  original  heating  coils  in  the  CX1300  heaters  were  slow  to  respond  to  setting 
adjustments  and  could  not  consistently  put  out  enough  heat  to  reach  temperatures 
above  1200°C.  The  coils  were  also  prone  to  fracture.  These  coils  were  replaced 
with  a  different  design  that  included  an  additional  complete  turn  of  the  coil  and  a 
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slightly  smaller  coil  thickness,  increasing  the  area  of  tubing  exposed  to  heating.  These 
differences  enabled  the  new  coils  to  produce  more  heat  at  a  given  power  setting  than 
the  original  coils.  As  a  result,  the  CX1300  heaters  were  able  to  achieve  desired 
temperatures  consistently  in  approximately  35%  of  the  time  it  took  the  original  coils. 
Additionally,  the  new  coils  reached  higher  overall  temperatures.  The  new  coils  were 
manufactured  by  I  Squared  R  Element  Company  and  were  encased  in  RATH  KVS 
174/400  insulation  prior  to  mounting  in  the  CX1300  shell. 

3.5.2  Saturating  the  Steam. 

The  other  significant  challenge  was  to  devise  a  method  to  saturate  the  steam  with 
silicic  acid.  This  had  to  be  done  in  such  a  way  that  the  saturation  process  did  not 
conflict  with  the  ability  to  reach  the  desired  temperature  of  the  steam.  Silica  was 
chosen  as  the  sacrificial  supply  material  to  generate  the  silicic  acid.  The  sacrificial 
silica  must  be  placed  in  the  path  of  the  steam,  but  it  cannot  be  placed  upstream  of  the 
heaters.  To  do  so  would  saturate  the  steam  at  a  temperature  lower  than  the  desired 
test  temperature.  Once  heated  to  test  temperature,  the  steam  would  no  longer  be 
saturated.  Adding  a  chamber  downstream  of  the  heater,  between  the  heater  and  the 
furnace,  would  likely  increase  the  thermal  losses  due  to  an  increase  in  the  distance 
between  the  pre-heater  and  the  furnace,  jeopardizing  the  ability  to  reach  the  desired 
temperatures. 

The  solution  to  the  saturation  challenge  was  to  place  the  silica  material  inside  the 
large- diameter  alumina  tube  that  passes  through  the  CX1300  heaters.  This  enables 
the  steam  to  be  saturated  at  its  highest  temperature.  Any  loss  in  temperature  as 
the  steam  travels  through  the  transition  tube  into  the  furnace  would  be  accompanied 
by  a  precipitation  of  some  of  the  silica  out  of  the  steam,  but  the  steam  would  stay 
saturated.  Silica  wool  was  chosen  as  the  silicon  source  material  due  to  its  high  surface 


area.  This  high  surface  area  allows  a  faster  reaction  with  the  steam  as  it  passes 
through,  assuring  steam  saturation.  Figure  32  shows  the  silica  wool  in  the  saturation 
chamber. 


Figure  32.  Saturation  chamber  for  silicic  acid-saturated  steam 


3.6  Post-Test  Microstructural  Analysis 

The  post-test  microstructure  of  test  specimens  were  examined  and  damage  and 
failure  mechanisms  investigated  via  optical  microscopy,  and  SEM.  TEM  analysis  of 
the  oxide  layer  thickness  of  a  limited  number  of  specimens  was  made  possible  us¬ 
ing  facilities  and  expertise  provided  by  the  Air  Force  Research  Laboratory  (AFRL). 
Personnel  in  the  Materials  and  Manufacturing  Directorate  at  AFRL  prepared  the 
specimens  for  TEM  analysis  and  obtained  the  TEM  images  used  in  this  work.  The 
analysis  of  the  experimental  data  and  the  microstructural  investigation  provide  in¬ 
sight  into  the  creep  and  the  environmental  degradation  mechanisms  occurring  in  these 
materials.  Figures  33  and  34  show  the  Zeiss  optical  microscope  and  SEM  (FEI  Quanta 
450)  located  at  AFIT,  respectively. 
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Figure  33.  AFIT  Zeiss  optical  microscope,  reproduced  from  [4] 


Figure  34.  AFIT  scanning  electron  microscope,  reproduced  from  [4] 


IV.  Mechanical  Behavior  of  Hi-Nicalon™  S  Fiber  Tows 


This  chapter  reports  and  discusses  the  mechanical  behavior  of  Hi-Nicalon™  S  SiC 
fiber  tows,  specifically  addressing  (1)  the  room  temperature  tensile  strength,  (2)  the 
influence  of  loading  rate  on  tensile  strength  at  800° C  in  air  and  in  steam  and  (3)  the 
effects  of  steam  on  creep  performance  800°C.  Experimental  results  are  presented  and 
analyzed.  A  linear  clastic  crack  growth  model  is  used  to  predict  creep  lifetimes  from 
the  constant  stress  rate  test  data.  Finally,  the  Monkman-Grant  relationship  is  applied 
to  creep  data. 

4.1  Tensile  Behavior 

For  both  oxide-  and  non-oxide-based  CMCs  and  fiber  tows,  it  has  been  shown  that 
the  monotonic  tensile  behavior  and  tensile  properties  are  influenced  by  loading  rate 
[4,  120,  121,  125,  175-180].  This  is  of  concern  in  structural  applications  where  loading 
rates  vary  widely,  such  as  the  aerospace  applications  for  which  oxide  and  non-oxide 
CMCs  are  being  developed.  As  such,  it  was  prudent  to  investigate  the  potential  for 
similar  influences  on  the  non-oxide  fiber  tows  of  this  study. 

Tensile  tests  were  conducted  in  dry  air  and  in  silicic  acid-saturated  steam  at  800°C 
with  applied  tensile  stress  rates  of  0.1,  0.5,  1.0,  5.0,  10.0,  and  100.0  MPa/s.  Results 
are  presented  in  Table  9.  Figures  35  and  36  show  log-log  plots  of  the  tensile  strength 
(fracture  stress)  as  a  function  of  loading  rate  (stress  rate)  in  air  and  in  silicic  acid- 
saturated  steam,  respectively.  The  solid  line  in  each  figure  is  a  regression  fit  to  the 
data.  Note  that  in  both  cases,  the  line  is  almost  horizontal,  indicating  that  there  is 
very  little  rate  dependency  in  the  tensile  strength  of  the  Hi-Nicalon™  S  SiC  fiber 
tows  in  either  air  or  silicic  acid-saturated  steam.  The  average  tensile  strength  was 
1144  MPa  for  air,  and  934  MPa  for  silicic  acid-saturated  steam,  ft  is  noteworthy  that 
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for  the  oxide  fibers  tested  by  Armani,  there  was  a  range  of  loading  rates  in  which 
the  fiber  tows  exhibited  rate  dependency  and  above  which  they  were  independent  of 
loading  rate  [4].  Although  it  is  possible  that  this  may  be  the  case  with  Hi-Nicalon™ 
S  SiC  fiber  tows,  it  is  not  apparent  even  down  to  a  loading  rate  of  0.1  MPa/s.  Lower 
than  this,  the  tensile  test  duration  is  long  enough  that  the  tests  enter  into  the  creep 
regime,  rendering  the  results  questionable.  As  such,  it  is  not  likely  that  any  range  of 
significant  rate  dependency  can  be  determined.  These  results  suggest  that  the  rate 
of  crack  growth  in  Hi-Nicalon™  S  SiC  fiber  tows  becomes  saturated  at  low  applied 
stress  rates.  It  is  known  that  SiC  fibers  and  fiber  tows  are  much  less  compliant,  with 
higher  elastic  moduli,  than  oxide  fibers.  The  lack  of  significant  stress  rate  dependency 
noted  here  makes  sense  in  light  of  this  reduced  compliance. 

Table  9.  Tensile  Strength  of  Hi-Nicalon™  S  SiC  fiber  tow  specimens  tested  under 
various  constant  stress  rates  at  800° C  in  dry  air  and  silicic  acid-saturated  steam. 


800°C 

Loading  Rate 

MPa/s 

0.1 

0.5 

1 

5 

10 

100 

— 

1203 

972 

— 

1289 

1137 

Air 

- 

- 

1017 

- 

1247 

- 

Average  (MPa) 

- 

1203 

994.5 

- 

1268 

1137 

Standard  Deviation 

- 

- 

31.8 

- 

29.7 

- 

787 

1018 

805 

1040 

1130 

775 

Steam 

- 

- 

- 

- 

1034 

879 

Average  (MPa) 

787 

1018 

805 

1040 

1082 

827 

Standard  Deviation 

- 

- 

- 

- 

67.9 

73.5 
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Figure  35.  Failure  Stress  of  Hi-Nicalon™  S  fibers  at  800°C  in  air  as  a  function  of  stress 
rate.  The  effect  of  loading  rate  is  minimal. 
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Figure  36.  Failure  Stress  of  Hi-Nicalon7  M  S  fibers  at  800°C  in  silicic  acid-saturated 
steam  as  a  function  of  stress  rate.  The  effect  of  loading  rate  is  minimal. 
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Choi  et  al  [176,  177]  reported  a  rate  dependence  in  air,  however,  there  were  several 
significant  differences.  First,  only  CMCs  were  tested,  not  fiber  tows.  Second  the 
CMCs  were  reinforced  with  Nicalon™  and  Hi-Nicalon™,  not  Hi-Nicalon™  S  fiber 
tows.  Third,  the  CMCs  were  not  purely  SiC,  but  also  aluminosilicate-based  CMCs. 
Lastly,  the  tests  were  conducted  at  1100  -  1200°C,  in  contrast  to  the  800°C  of  the  this 
work.  Environmentally  assisted  (subcritical)  crack  growth  (EACG)  is  founded  upon 
a  bedrock  of  adsorption.  The  four  differences  listed  above  all  affect  the  chemical 
environment  and  it’s  potential  for  reactions  to  occur.  In  isolation,  fiber  tows  will 
behave  differently  than  they  do  when  incorporated  into  CMCs.  Hi-Nicalon™  S 
fiber  tows  are  nearly  stoichiometric,  whereas  Nicalon™  and  Hi-Nicalon™  contain 
more  substantial  amounts  of  oxygen  and  free  carbon,  making  them  more  susceptible 
to  the  adsorption  of  EACG.  The  presence  of  other  elements  (calcium,  magnesium, 
barium,  and  aluminum  in  the  case  of  Choi  et  al)  creates  a  completely  different  kind 
of  chemical  environment  and,  therefore,  chemical  reactions.  In  the  case  of  Choi  et  al, 
these  other  elements  are  also  known  to  significantly  increase  oxidation  of  SiC  by  acting 
as  nucleation  sites  for  oxide  growth,  particularly  crystallized  growth.  Additionally, 
the  higher  temperature  of  experiments  conducted  by  Choi  et  al  translates  to  higher 
rates  of  reaction  due  to  more  available  energy  to  activate.  For  these  reasons,  it  is  not 
surprising  that  the  results  of  this  study  differ  from  those  of  Choi  et  al.  It  is  possible 
that  a  greater  rate  dependency  would  be  apparent  for  Hi-Nicalon™  S  fiber  tows  at 
higher  temperatures  or  when  incorporated  into  CMCs  of  various  matrix  materials. 
Further  work  in  this  area  should  be  accomplished. 

Through  additional  analysis,  the  subcritical  crack  growth  parameters  can  be  de¬ 
termined  from  failure  stress  and  stress  rate  data  and  creep  lifetimes  can  be  predicted 
based  on  the  monotonic  tensile  tests.  The  subcritical  crack  growth  parameters  are  de- 
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termined  in  the  next  section  and  predictions  of  creep  lifetime  are  presented  in  Section 
4.3. 


4.1.1  Subcritical  Crack  Growth  Parameters. 


The  dependence  of  tensile  strength  on  stress  rate  observed  by  Ruggles-Wrenn  et 
al.  [178-180]  for  CMCs  and  the  failure  of  fibers  at  lower  stresses  and  temperatures 
than  expected  (delayed  failure)  noted  by  Forio,  Gautier,  and  Lamon  [120,  121,  125] 
for  Hi-Nicalon™  S  fiber  tows  are  related  and  akin  to  that  observed  for  the  monolithic 
ceramics  at  elevated  temperatures  [181-183].  For  monolithic  ceramics,  these  phenom¬ 
ena  have  been  shown  to  proceed  by  environmentally  assisted  subcritical  crack  growth 
(or  slow  crack  growth)  [184],  A  model  has  been  developed  by  which  delayed  failure  can 
be  predicted.  Parameters  that  account  for  the  material  and  environment  in  the  model 
can  be  determined  from  experimental  data.  Armani  [4]  successfully  demonstrated  a 
method  for  determining  the  subcritical  crack  growth  parameters.  This  method  was 
used  in  the  current  work  and  is  explained  here: 


The  subcritical  crack  growth  rate  can  be  expressed  by  the  empirical  power-law 


relation  [48,  181]: 


da 

v  —  —  —  M 
dt 


where  v  is  crack  velocity,  a  is  crack  size,  t  is  time,  Kj  is  the  mode  I  stress  intensity 
factor,  Kic  is  the  critical  stress  intensity  factor  (i.e.  fracture  toughness)  under  mode 
I  loading,  and  M  and  m  are  the  slow  crack  growth  parameters  associated  with  the 
material  and  environment. 

By  definition,  the  relationship  between  the  mode  I  stress  intensity  factor  and  the 
applied  stress  is: 

K:  =  Y  o  \[a  (15) 
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where  Y  is  a  geometry  factor  based  on  flaw  size,  shape,  and  orientation  to  the  applied 
stess,  and  a  is  the  applied  stress. 


Equations  14  and  15  can  be  combined  to  determine  a  relationship  between  the 
degraded  fracture  strength  under  slow  crack  growth,  oq-,  and  the  inert  strength,  cq, 
as  seen  in  Equation  16 


^.m— 2  _  ^_m— 2  /  r  /i\im  i, 

°  f  —  ai  JD  /  V7  wJ  dt 


(16) 


where  B  is  a  parameter  accounting  for  the  material/environment  and  is  defined  as: 


B  = 


o  K2 
ziyic 


AY2  (m  -  2) 


(17) 


In  the  case  of  constant  rate  testing,  the  applied  stress  can  be  written  as: 


a  (t)  =  at 


(18) 


Substituting  Equation  18  into  Equation  16  gives  a  fracture  strength  of: 


af 


B  ( m  +  1)  a™  2]  (m+1) 


(19) 


which  reduces  to: 

1 

a  j  =  Ca^m+1) 


where  C  is  a  slow  crack  growth  parameter: 


C 


-2  (m  +  1)  K2ca?-2 
AY2  ( m  -  2) 


1 

(m+1) 


(20) 


(21) 


The  subcritical  (slow)  crack  growth  parameters,  m  and  C,  can  be  determined  through 
linear  regression  analysis  by  taking  the  logarithm  of  both  sides  of  Equation  20  and 
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plotting  the  result: 


1 


logaf  = 


m  +  1 


loga  +  logC 


(22) 


For  the  Hi-Nicalon™  S  fiber  tows  studied  in  this  work,  the  subcritical  crack 
growth  parameters  are  listed  for  air  and  steam  in  Table  10. 


Table  10.  Subcritical  crack  growth  paramters  for  Hi-Nicalon7  M  S  SiC  fiber  tow  speci¬ 
mens  tested  at  800°C  in  dry  air  and  in  silicic  acid-saturated  steam. 


800°C 

Parameter 

Air 

Steam 

m 

24.20 

18.43 

C 

1125 

940 

4.2  Creep  Behavior 

Before  conducting  extensive  creep  tests,  the  functionality  of  the  newly  designed 
creep  test  facility  had  to  be  verified.  A  temperature  profile  was  measured  in  the 
test  chamber,  and  a  static  creep  test  was  performed.  A  Hi-Nicalon™  S  SiC  fiber 
tow  specimen,  fabricated  from  the  same  spool  used  by  Steffens  [1]  and  Shillig  [23], 
consisting  of  approximately  500  fibers  with  an  average  cross-sectional  diameter  of 
13  microns,  was  subjected  to  the  saturated  steam  environment  at  800°C  and  to  a  load 
of  2.96  MPa  (429.3  psi).  The  load  was  provided  by  a  20  g  (0.044  lbm)  weight  hung 
from  the  bottom  of  the  specimen  and  was  applied  only  to  keep  the  specimen  taught 
during  the  test.  Creep  run-out  was  defined  as  100  hrs  in  the  test  conditions  without 
failure  of  the  specimen  and  was  achieved.  As  expected,  the  measured  creep  rate  was 
extremely  small:  1.59  x  10~10  s-1.  A  second  creep  test  was  conducted  at  800°C 
with  a  load  of  154  MPa  (22.3  ksi)  and  also  went  to  run-out,  exhibiting  a  similarly 
negligible  creep  rate  of  3.63  x  10~10  s_1.  Lifetimes  were  consistent  with  literature 
[121].  It  should  be  acknowledged  that  these  results  may  be  due  to  progressive  failure 
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of  individual  fibers  within  the  fiber  tow,  causing  the  remaining  fibers  to  be  subject 
to  a  higher  load  resulting  in  additional  elastic  strain. 

Maintaining  a  steady  steam  input  temperature  is  challenging.  There  are  many 
factors  to  control,  and  superheated  steam  is  quite  reactive.  Though  the  test  chamber 
was  maintained  at  800°C  at  all  times  throughout  the  testing,  the  steam  inlet  tem¬ 
perature  fluctuated  as  much  as  ±  25°C  on  a  regular  basis.  A  method  was  developed 
to  address  the  thermal  expansion/contraction  associated  with  these  steam  inlet  tem¬ 
perature  fluctuations.  Three  steam  tests  conducted  early  in  the  development  of  the 
experimental  methodology  experienced  a  total  of  six  instances  of  near-instantaneous 
spikes  or  drops  in  the  steam  inlet  temperature,  usually  due  to  adjustment  of  the 
bleed-off  tube.  These  near-instantaneous  changes  in  temperature  happened  over  such 
a  short  time  period  that  an  associated  change  in  length  of  the  fiber  tow  could  not 
be  due  to  creep,  therefore  any  associated  change  in  length  must  only  be  due  to  ther¬ 
mal  effects.  At  these  points  of  near-instantaneous  changes  in  temperature,  the  total 
change  in  steam  inlet  temperature  and  the  total  change  in  strain  was  recorded.  Using 
these  data  and  applying  principles  of  linear  thermal  strain,  a  pseudo-Coefficient  of 
Thermal  Expansion  (CTE)  was  calculated.  The  thermal  strain  equation  is: 

Ae  =  aAt  (23) 

where  a  is  the  CTE.  For  each  spike  or  near-instantaneous  drop  in  steam  inlet  tem¬ 
perature,  the  change  in  temperature  (At)  and  associated  change  in  strain  (Ae)  were 
applied  and  a  pseudo-CTE  calculated.  All  instances  produced  a  pseudo-CTE  in  the 
range  of  3.13  —  3.52  x  10-6  mm/mm-K,  with  an  average  value  of  3.32  x  10“6  mm/mm- 
K.  Although  this  is  not  a  true  CTE  for  SiC  fiber  tows,  it  is  in  good  agreement  with 
literature.  The  CTE  of  SiC  fiber  tows  has  not  been  widely  studied  or  documented, 
however,  data  from  testing  conducted  by  Rashad  on  bulk  SiC  at  800° C  gives  a  CTE 
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value  of  4.18  /jrn/m-K  [185],  which  is  equivalent  to  4.18  x  10-6  mm/mm- K  .  Using  this 

pseudo-CTE,  the  thermal  effects  on  the  measured  creep  strain  due  to  changes  in  the 

steam  inlet  temperature  was  estimated  at  each  data  point  and  accounted  for  in  the 

calculation  of  the  creep  strain.  In  certain  limited  instances,  this  average  pseudo-CTE 

did  not  adequately  account  for  the  thermal  effects  of  a  particular  large  spike  or  drop. 

Upon  further  investigation,  it  was  found  that  the  pseudo-CTE  specific  to  that  point 

was  different  enough  from  the  average  to  warrant  the  use  of  the  specific  pseudo-CTE 

in  place  of  the  average.  In  each  case  where  this  was  done,  the  specific  pseudo-CTE 

was  adequate.  Table  11  summarizes  the  results  of  creep  testing  at  800°C. 

Table  11.  Creep  results  for  Hi-Nicalord  M  S  SiC  fiber  tow  specimens  tested  at  800°C  in 
dry  air  and  silicic  acid-saturated  steam. 


800°C 

Specimen 

ID 

Test 

Env. 

Creep  Stress 
(MPa) 

Creep 

Lifetime  (h) 

Steady- State 
Creep  Rate  (s-1) 

Creep 
Strain  (%) 

All 

Aii- 

1250f 

- 

- 

- 

A16 

Air 

1023 

16.89 

1.77E-09 

0.135 

A17 

Aii- 

980 

17.40 

1.83E-09 

0.178 

A12 

Air 

937 

84.29 

1.47E-09 

0.323 

A21 

Aii- 

960 

loot 

1.08E-09 

0.218 

A18 

Air 

937 

100 

2.17E-09 

0.221 

A15 

Air 

798 

100 

5.32E-10 

0.153 

SS3 

SS 

798f 

- 

- 

- 

SS25 

SS* 

798 

12.94 

5.87E-09 

0.128 

SS24 

SS 

748 

40.13 

3.48E-09 

0.203 

SS18 

SS 

700 

90.17 

1.87E-09 

0.205 

SS13 

SS 

538 

76.83 

6.83E-10 

0.136 

SS17 

SS 

625 

100 

1.13E-09 

0.181 

SS16 

SS 

557 

100 

1.12E-09 

0.162 

SS12 

SS 

450 

100 

4.19E-10 

0.112 

SS11 

SS 

425 

100 

5.20E-10 

0.167 

SS9 

SS 

400 

100 

5.10E-10 

0.159 

SSI 

SS 

2.96 

100 

7.45E-11 

0.013 

*Silicic  acid-saturated  steam 
fBroke  on  loading 

fCreep  run-out  defined  as  lOOh  at  creep  stress.  Failure  did  not  occur  before  test  termination. 


Recall  that  Steffens  reported  values  of  the  stress  exponent,  n.  for  Hi-Nicalon™  S 
fiber  tows  at  800° C  in  air  and  in  steam.  For  comparison,  the  stress  exponents  reported 
in  this  effort  were  also  determined  by  fitting  the  data  to  the  temperature-independent 


Norton-Bailey  form  of  the  power  law  creep  equation  shown  in  Equation  3.  The 
values  of  stress  exponents  for  the  current  effort  were  n  ~  5.0  and  n  &  4.1  for  air 
and  steam,  respectively,  which  is  consistent  with  climb-controlled  dislocation  creep 
in  air  and  grain  boundary  sliding,  with  cavity  nucleation  and  growth.  The  results 
match  well  with  those  of  Steffens  [23],  who  reported  similar  values  for  the  stress 
exponent.  It  is  significant  to  note,  however,  that  though  the  creep  exponent  for 
steam  was  comparable,  the  fiber  tows  were  capable  of  maintaining  stresses  as  much 
as  five  times  higher  than  those  in  unsaturated  steam.  Creep  run-out  was  obtained 
at  stress  625  MPa  in  saturated  steam,  whereas  Steffens  reported  creep  run-out  at 
139  MPa  in  unsaturated  steam  and  Shillig’s  longest  test  in  unsaturated  steam  was 
at  154  MPa  and  lasted  72  h.  Creep  rates  were  an  order  of  magnitude  lower  than 
those  reported  by  Steffens  and  Shillig  for  the  same  applied  stress.  Figure  37  shows 
the  creep  strain  rate  data. 
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Figure  37.  Creep  strain  rate  vs.  applied  stress  for  Hi-Nicalon7  M  S  fibers  tows  at  800°C 
in  air  and  in  steam,  with  associated  creep  exponents 
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The  difference  in  creep  rates  and  fiber  tow  strength  in  the  current  work  as  com¬ 
pared  to  Steffens’  and  Shillig’s  results  is  readily  explained  by  the  saturating  of  the 
steam.  As  will  be  discussed  in  Chapter  5,  the  saturating  of  the  steam  was  successful 
in  eliminating  the  variations  along  the  length  of  the  fiber  tows.  In  fact,  there  were 
no  signs  of  active  oxidation  in  any  of  the  specimens,  only  passive  oxidation.  It  would 
seem  evident  that  the  effect  of  silicic-acid  saturation  is  to  significantly  inhibit  the 
deleterious  effects  of  steam.  Hence,  the  slightly  lower  creep  rates  and  higher  strength. 
It  is  also  possible  that  the  higher  creep  rates  reported  by  Steffens  and  Shillig  were 
due,  in  part,  to  progressive  failure  of  the  fibers  within  the  fiber  tow  as  a  result  of 
any  or  all  of  the  following:  direct  impingement  of  the  steam  on  the  fiber  tow,  “cold” 
steam,  and  lack  of  pre-saturation. 

The  creep  rates  and  creep  strain  reported  here  are  quite  small.  It  is  acknowledged 
that  many  of  these  rates  and  strains  are  within  the  accuracy  tolerances  of  the  LVDT 
used  to  measure  strain.  These  may  very  well  be  within  the  “noise”  of  the  system. 
The  accuracy  of  these  numbers  is,  therefore,  questionable,  but  it  is  clear  that  there  is 
very  little  creep  taking  place.  In  addition  to  the  accuracy  concerns,  other  factors  may 
account  for  the  apparent  creep.  Oxidation  causes  a  change  in  the  clastic  modulus 
of  the  fibers,  causing  them  to  become  more  compliant.  This  is  due,  in  part,  to  the 
reduction  in  the  cross-section  of  the  fibers  due  to  the  oxidation.  This  increase  in 
compliance  over  time  is  usually  small  compared  to  creep,  but  could  be  the  cause  of 
the  apparent  creep  here,  since  the  reported  creep  strains  are  small.  Since  oxidation 
is  faster  in  steam,  this  could  also  explain  the  apparent  increase  in  the  rates  (though 
still  very  small)  for  tests  in  steam. 

Figure  38  shows  the  creep  lifetimes  for  tests  conducted  in  air  and  steam.  As 
expected,  the  performance  of  Hi-Nicalon™  S  fiber  tows  is  better  in  air  than  in  steam, 
with  the  fiber  tows  capable  of  sustaining  stresses  as  much  as  250  MPa  higher  than 
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in  saturated  steam  for  considerable  time.  Of  note  is  that  in  both  air  and  saturated 


steam,  the  transition  from  fast  fracture  to  run-out  is  fairly  sharp,  though  less  so 
for  saturated  steam.  Figures  39  -  42  show  selected  creep  curves  for  air  and  silicic 
acid-saturated  steam,  respectively,  that  are  representative  of  the  tested  specimens. 


Figure  38.  Creep  Lifetimes  of  Hi-Nicalon7  M  S  fibers  at  800°C  in  air  and  in  steam 
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Figure  39.  Representative  creep  curves  for  Hi-Nicaloni  M  S  fibers  at  800°C  in  air 


Figure  40.  Representative  creep  curves  for  early  stages  of  creep  of  Hi-Nicalon7  M  S 
fibers  at  800° C  in  air 
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Figure  41.  Representative  creep  curves  for  Hi-Nicalon7  M  S  fibers  at  800°C  tested  in 
silicic  acid-saturated  steam 
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Figure  42.  Representative  creep  curves  for  early  stages  of  creep  of  Hi-Nicalon7  M  S 
fibers  at  800° C  tested  in  silicic  acid-saturated  steam 
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4.3  Predicting  Creep  Lifetime 


Many  glasses  and  ceramics  exhibit  subcritical  crack  growth,  also  known  as  slow 
crack  growth  or  environmentally  assisted  crack  growth.  Linear  Elastic  Fracture  Me¬ 
chanics  (LEFM)  assumes  that  cracks  are  pre-existing  in  brittle  materials  and  that 
these  cracks  grow  due  to  the  constant  stress.  Once  the  cracks  grow  to  a  critical  size, 
spontaneous  crack  growth  occurs,  causing  sudden  brittle  failure.  When  subcritical 
crack  growth  is  the  dominant  time-dependent  failure  mechanism,  a  model  can  be  de¬ 
veloped  to  predict  creep  lifetime  (time-to-failure)  under  constant  stress.  This  model  is 
based  on  the  LEFM  work  of  Griffith  and  uses  the  subcritical  crack  growth  parameters 
determined  as  described  in  section  4.1.1.  This  model  was  successfully  used  by  Armani 
[4]  to  predict  subcritical  crack  growth  in  oxide  fibers,  and  the  model  development  is 
reproduced  here. 

The  time  to  failure  under  a  constant  tensile  stress  can  be  derived  from  the  stress 
intensity  factor  given  in  Equation  15.  By  taking  the  derivative  of  Equation  15  with 
respect  to  time  and  substituting  the  subcritical  crack  velocity  from  Equation  14,  the 
following  expression  is  obtained: 


dKj  fa2Y2\ 
~df  ~ v  V  ) 


(24) 


Solving  for  dt  and  integrating  yields  the  time  to  failure,  tf. 

where  the  initial  stress  intensity  factor,  Affi:,  is: 


Kh  =  —K,c 


(26) 
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Now  substitute  Equation  14  into  Equation  25  and  integrate  to  get  the  time  to  failure 


as: 


tf  = 


2  Kfc 


a2Y2M (m  -  2) 


(K 


2 —m  r/2-m\ 
Ii  -  KIC  ) 


(27) 


For  ceramic  materials,  literature  reports  values  for  m  that  are  >  2,  therefore  Kjcrn  <C  m 
With  this  in  mind,  and  using  Equation  26,  tf,  becomes: 


tf  = 


2  K 


ic 


cu 


[MY2(m  —  2) 


cr 


(28) 


which,  using  Equation  21,  reduces  to: 


tf 


(jm+ 1 

m  +  1 


a 


(29) 


This  is  the  time  to  failure  under  a  constant  tensile  stress  and  represents  the  time  for 
a  subcritical  crack  to  grow  to  a  critical  size  that  causes  sudden  brittle  failure.  This 
form  of  the  time  to  failure  is  in  terms  of  the  subcritical  crack  growth  parameters  m 
and  C  determined  in  section  4.1.1  using  the  data  from  constant  stress  rate  tensile 
tests. 

Using  the  subcritical  crack  growth  parameters  determined  in  section  4.1.1,  the 
creep  lifetime  of  Hi-Nicalon™  S  fiber  tows  in  air  and  steam  was  predicted  and  com¬ 
pared  to  the  experimental  creep  lifetimes  reported  in  section  4.2.  Table  12  lists  the 
predicted  lifetimes  for  stresses  from  450  -  1250  MPa  (65.3  -  181.3  ksi),  and  these 
values  are  plotted  with  the  actual  creep  lifetime  data  in  Figure  43. 
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Table  12.  Predicted  Creep  Lifetimes  for  Hi-Nicalon7  M  S  SiC  fiber  tow  specimens  tested 
at  800° C  in  dry  air  and  in  silicic  acid-saturated  steam. 


800°C 

Stress 

(MPa) 

Lifetime  (h) 

Air 

SatSteam 

450 

- 

10598 

538 

- 

394 

575 

- 

116 

625 

- 

24.9 

700 

1197 

3.1 

798 

50.2 

0.28 

937 

1.03 

0.014 

960 

0.57 

- 

980 

0.35 

- 

1023 

0.12 

- 

1250 

0.001 

- 

Figure  43.  Model  predictions  of  creep  lifetime  compared  to  actual  creep  lifetime  data 
for  Hi-Nicalon™  S  SiC  fiber  tow  specimens  tested  at  800° C  in  dry  air  and  in  silicic 
acid-saturated  steam. 


The  predictions  for  both  air  and  silicic  acid-saturated  steam  under-predict  the 
experimental  data.  The  shape  of  the  curve  matches  fairly  well  in  both  cases,  capturing 
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the  rapid  transition  from  fast  fracture  to  run-out,  however  the  predicted  stresses  are 
80  -  85%  of  the  experimental  values  for  both  air  and  silicic  acid-saturated  steam. 
This  under-prediction  indicates  that  EACG  is  not  the  dominating  failure  mechanism 
in  creep  of  Hi-Nicalon™  S  SiC  fiber  tows.  This  is  consistent  with  the  minimal 
dependence  on  stress  rate  reported  earlier,  and  is  also  consistent  with  Gauthier  and 
Lamon’s  observation  that  Hi-Nicalon™  S  fibers  are  more  resistant  to  EACG  than 
other  SiC  fibers  [121].  Additionally,  this  is  consistent  with  expectations  that  exposure 
to  the  silicic  acid-saturated  steam  would  create  a  layer  of  protective  amorphous  oxide, 
effectively  sealing  off  the  surface  from  the  effects  of  EACG. 

It  is  important  to  note  that  these  results,  observed  at  800°C,  are  at  a  single 
temperature.  This  temperature  is  at  the  low  end  of  the  temperature  regime  where 
Hi-Nicalon™  S  SiC  fiber  tows  exhibit  significant  creep,  therefore  creep  is  minimal 
at  this  temperature.  Also,  this  temperature  is  at  the  high  end  of  the  temperature 
regime  in  which  EACG  is  typically  a  concern.  Further  testing  at  higher  and  lower 
temperatures  would  provide  a  more  complete  picture  of  the  effects  of  EACG  and 
would  elucidate  any  loading  rate  dependency  that  may  exist. 

4.4  Creep  Rupture  and  the  Monkman-Grant  Relationship 

In  1956,  Monkman  and  Grant  [186]  published  their  seminal  work  detailing  an 
empirical  relationship  between  the  steady-state  creep  rate  and  the  creep-rupture  life¬ 
time  (time  to  failure)  of  metals.  In  more  recent  times,  this  same  relationship  has  been 
shown  to  apply  to  creep  of  ceramic  materials  as  well  [4,  46,  187-190].  The  Monkman- 
Grant  relationship,  shown  in  Equation  30,  is  a  useful  tool  in  the  study  and  design 
of  fiber-reinforced  CMCs  because  it  eliminates  the  need  for  long-term  creep  tests  to 
failure.  Once  the  parameters  of  the  relationship  are  determined  for  a  given  material, 
all  that  is  needed  to  predict  creep-rupture  lifetimes  is  the  steady-state  creep  rate. 
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Generally,  ceramics  and  CMCs  reach  secondary  creep,  where  the  steady-state  creep 
rate  is  apparent,  in  a  fairly  short  period  of  time  (a  few  hours  or  less).  Rather  than  con¬ 
ducting  creep  tests  all  the  way  to  failure,  short  creep  tests  can  be  conducted  to  obtain 
the  steady-state  creep  rate  and  then  creep-rupture  lifetime  can  be  predicted.  This  is 
significant,  since  creep-rupture  can  occur  at  very  long  times.  The  Monkman-Grant 
relationship  is: 

tfeq  =  G  (30) 

where  tf  is  the  time  to  failure,  e  is  the  strain  rate,  and  q  and  G  are  Monkman-Grant 
parameters  and  are  constants. 

Ferber  and  Jenkins  [190]  investigated  the  creep  performance  of  hot  isostatcially 
pressed  silicon  nitride  at  temperatures  from  1150  to  1370°C.  They  found  that,  for 
the  temperature  range  of  1150  to  1370°C,  the  secondary  creep  strain  rate  controlled 
creep-fatigue  life  according  to  the  Monkman-Grant  relationship.  Menon  et  al  [189] 
examined  the  applicability  of  the  Monkman-Grant  relationship  to  NT154  silicon  ni¬ 
tride  and  found  that  it  was  applicable  with  evidence  of  a  temperature  dependence. 
DiCarlo  et  al  successfully  predicted  the  creep  lifetime  of  various  oxide  and  non-oxide 
composites  using  the  Monkman-Grant  relationship  based  on  data  from  single  filament 
creep  test  results  [46,  187,  188].  In  2004,  they  did  so  for  SiC/SiC  minicomposites  [46] 
reinforced  with  various  types  of  first  and  second  generation  SiC  fibers,  including  Hi- 
Nicalon™.  Data  was  used  from  creep  tests  of  these  CMCs  at  1200  -  1400°C  in 
air.  Monkman-Grant  plots,  log-log  plots  of  creep  rupture  time  vs  creep  rate,  showed 
the  characteristic  parallel  lines  at  different  temperatures  and  closely  matched  empir¬ 
ical  creep  rupture  data  of  SiC/SiC  composites  from  Zhu  et  al  [191,  192]  and  oth¬ 
ers.  Armani  [4]  applied  the  Monkman-Grant  relationship  to  creep  data  collected  for 
Nextel™610  and  720  aluminosilicate  fiber  tows  in  air  and  in  steam  at  temperatures 
of  1100°C  and  1200°C,  respectively.  The  Monkman-Grant  plot  based  on  this  data 
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was  in  good  agreement  with  oxide-oxide  CMC  creep  data  gathered  from  literature, 
showing  that  the  Monkman-Grant  relationship  can  be  used  to  successfully  predict 
creep  lifetime  of  CMCs  reinforced  with  Nextel™610  and  720  fiber  tows. 

Due  to  the  benefits  of  using  the  Monkman-Grant  relationship,  it  is  worthwhile  to 
investigate  whether  it  applies  to  Hi-Nicalon™  S  fiber  tows  and  can  be  used  to  predict 
their  creep  lifetime.  In  this  section,  the  Monkman-Grant  relationship  is  evaluated  for 
Hi-Nicalon™  S  fiber  tows  in  air,  steam,  and  silicic  acid-saturated  steam  environments 
at  temperatures  in  the  range  of  800  -  1100°C  using  data  from  Steffens  [1],  Shillig  [23], 
and  the  current  work.  Figure  44  shows  creep  lifetime  data  as  a  function  of  steady- 
state  strain  rate  on  a  log-log  plot.  Note  that  the  data  obtained  for  air  and  silicic  acid- 
saturated  steam  at  800°C  fall  along  a  common  line.  This  indicates  that  the  Monkman- 
Grant  relationship  given  in  Equation  30  applies  to  Hi-Nicalon™  S  fiber  tows  and  is 
consistent  with  results  found  in  literature  for  ceramics  [4,  94,  193,  194],  DiCarlo 
et  al  noted  that  for  ceramic  materials,  the  Monkman-Grant  log-log  plots  “typically 
fall  on  one  straight-line  master  curve”  [94]  and  this  is  the  case  for  Hi-Nicalon™  S 
fiber  tows.  Furthermore,  the  fact  that  the  data  for  both  air  and  silicic  acid-saturated 
steam  fall  on  the  same  line  indicates  that  the  Monkman-Grant  parameters,  q  and  G 
are  independent  of  environment.  The  solid  line  in  Figure  44  represents  the  fit  of  the 
experimental  data  to  Equation  30.  The  fit  was  good,  with  a  regression  coefficient  of 
0.945.  The  Monkman-Grant  parameters  determined  by  this  regression  analysis  are 
q  =  1.20  and  G  =  5.77xl0~5. 

The  evidence  that  the  Monkman-Grant  relationship  for  Hi-Nicalon™  S  fiber  tows 
is  independent  of  environment  is  further  supported  by  a  review  of  the  data  for  air  and 
steam  (unsaturated)  from  Steffens  and  Shillig.  Note  that  although  there  is  greater 
scatter,  the  data  from  Steffens  and  Shillig  agrees  fairly  well  with  that  of  the  current 
work  and  seems  to  also  fall  approximately  along  the  same  line.  Figure  45  shows 
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Figure  44.  Monkman-Grant  plot  of  creep  lifetime  vs.  steady-state  strain  rate  for  Hi- 
Nicalon7  M  S  SiC  fiber  tow  specimens  tested  at  800°C  in  dry  air,  in  steam,  and  in  silicic 
acid-saturated  steam.  Data  is  from  the  current  work  and  reproduced  from  Steffens  [1] 
and  Shillig  [23] 

the  same  data  as  Figure  44  with  regression  fits  for  the  1100°C  data  from  Steffens 
and  Shillig.  Note  that  each  is  parallel  to  the  fit  for  the  current  work,  indicating 
that  the  Monkman-Grant  parameter  q  is  the  same.  As  DiCarlo  et  al  noted  [94],  at 
higher  temperatures,  the  slope  remains  the  same  but  the  creep  lifetime  (creep  rupture 
time)  is  higher  for  a  given  creep  rate.  Although  the  data  from  Steffens  does  not 
demonstrate  this  increase  in  lifetime,  this  is  easily  explained  by  the  test  methodology 
issues  described  by  Steffens  [1]  and  corrected  by  Shillig  [23]  wherein  steam  impinged 
on  the  fibers,  causing  premature  failure.  It  is  also  important  to  note  the  paucity 
of  data  collected  (only  three  data  points  at  1100°C)  may  be  a  further  cause  of  this 
discrepancy.  Data  for  the  other  temperatures  noted  were  also  too  few  to  provide 
meaningful  results  on  a  temperature  by  temperature  basis,  however  taken  as  a  whole 
the  data  supports  the  conclusion  that  the  Monkman-Grant  relationship  is  applicable 
to  Hi-Nicalon™  S  fiber  tows. 


o  Shillig,  Air,  800C  A  • 

♦  Shillig,  Steam,  800C 

x  Shillig,  Air  &  Steam,  900C 
x  Shillig,  Air  &  Steam,  1000C 

•  Steffens,  Air  &  Steam  1100C 
+  Shillig,  Air  &  Steam  1100C 

- 1 - 1 - 1 - r 
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Figure  45.  Monkman-Grant  plot  of  creep  lifetime  vs.  steady-state  strain  rate  for  Hi- 
Nicalon7  M  S  SiC  fiber  tow  specimens  tested  at  800°C  in  dry  air,  in  steam,  and  in  silicic 
acid-saturated  steam  with  regression  fits  for  1100°C  data.  Data  is  from  the  current 
work  and  reproduced  from  Steffens  [1]  and  Shillig  [23] 


•  Shillig,  Steam,  800C 

x  Shillig,  Air  &  Steam,  900C 
x  Shillig,  Air  &  Steam,  1000C 

•  Steffens,  Air  &  Steam  1100C 
+  Shillig,  Air  &  Steam  1100C 

- 1 - 1 - 1 - r 


Because  the  performance  of  CMCs  is  predominantly  dependent  on  the  performance 
of  their  fiber  reinforcements,  it  would  seem  to  follow  that  if  Hi-NicalonTA/  S  fiber 
tow  creep  lifetime  can  be  successfully  predicted  by  the  Monkman-Grant  relationship, 
then  the  creep  lifetime  of  CMCs  reinforced  with  Hi-Nicalon™  S  fiber  tows  may 
also  be  predicted  by  the  Monkman-Grant  relationship.  This  has  been  demonstrated 
for  various  oxide  fibers  and  oxide-oxide  CMCs  [4]  and  for  SiC  fibers  and  SiC-based 
CMCs  [46,  94,  195,  196],  however  these  studies  were  conducted  at  temperatures  of 
1100  -  1400°C,  where  creep  is  known  to  occur,  as  opposed  to  the  current  work  at 
800°C  where  creep  is  minimal.  Additionally,  use  of  fiber  tow  Monkman-Grant  data 
to  predict  creep  lifetimes  of  CMCs  is  problematic  due  to  differences  in  load  sharing. 
The  presence  of  the  matrix  in  a  CMC  changes  the  way  the  applied  load  is  shared  by 
the  fibers  in  the  tow.  Fibers  in  a  free  fiber  tow  will  be  loaded  non-uniformly,  with 
some  carrying  high  stresses  and  others  very  little.  When  one  breaks,  all  of  its  load  is 
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passed  to  the  surrounding  fibers.  In  a  CMC,  the  load  is  applied  to  the  matrix,  which 
transfers  the  load  to  the  fibers.  Except,  possibly  for  a  porous  matrix  CMC,  since  the 
matrix  encompasses  the  entire  tow  and  all  of  its  fibers,  the  load  is  transferred  more 
evenly  across  the  fibers  in  the  tow.  This  makes  drawing  conclusions  for  CMC  creep 
lifetimes  from  fiber  tow  data  challenging. 

Unfortunately,  there  is  insufficient  published  data  in  literature  at  this  time  for 
CMCs  reinforced  with  Hi-Nicalon™  S  fiber  tows  for  comparison  with  the  fiber  tow 
data  of  this  work.  Therefore,  no  conclusions  can  be  made  at  this  time  as  to  whether 
creep  lifetimes  of  CMCs  reinforced  with  Hi-Nicalon™  S  fiber  tows  can  be  success¬ 
fully  predicted  by  the  Monkman-Grant  relationship  derived  from  creep  data  of  Hi- 
Nicalon™  S  SiC  fiber  tows.  However,  Figure  46  compares  data  from  various  SiC 
fibers  and  SiC/SiC  CMCs  tested  in  air  at  1200  -  1400°C  to  that  of  the  current  work. 
Data  for  CMCs  at  800°C  could  not  be  found  in  literature.  The  SiC/SiC  CMCs  with 
data  shown  in  Figure  46  were  reinforced  with  Nicalon™  (Zhu  et  al,  1997)  and  Hi- 
Nicalon™  fiber  tows  (Zhu  et  al,  1999). 
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Figure  46.  Monkman-Grant  plot  of  creep  lifetime  vs.  steady-state  strain  rate  for 
Hi-Nicalon7  M  S  SiC  fiber  tow  specimens  tested  at  800°C  in  dry  air  and  in  silicic  acid- 
saturated  steam  compared  with  data  for  various  other  SiC  fibers  and  SiC/SiC  CMCs. 
Data  is  from  the  current  work  and  reproduced  from  DiCarlo  et  al  [46],  Zhu  et  al 
[191,  197],  and  Hurst  et  al  [196] 


The  Monkman-Grant  relationship  for  Hi-Nicalon™  S  fiber  tows  tested  in  air 
and  silicic  acid-satnrated  steam  agrees  well  with  that  of  other  SiC  fibers  and  SiC 
fiber-reinforced  CMCs.  With  the  exception  of  Hi-Nicalon™  at  1400°C,  which  has  a 
Monkman-Grant  exponent,  q,  value  of  less  than  one,  the  value  of  q  is  ~1.2  for  each 
of  the  lines.  Recall  that  for  this  work,  q  was  found  to  be  1.20,  which  is  why  the 
Monkman-Grant  line  is  parallel  to  that  of  the  other  fibers  and  CMCs.  Note  that  the 
master  line  for  Nicalon™  and  Hi-Nicalon™  fiber  tows  tested  at  1200°C  in  air  is 
shifted  higher  than  that  of  the  current  work.  This  is  consistent  with  the  observations 
of  DiCarlo  et  al,  mentioned  earlier,  that  as  temperature  increases,  the  slope  remains 
the  same  but  the  creep  lifetime  is  higher  for  a  given  creep  rate.  DiCarlo  et  al  suggested 
that  the  discrepancy  for  Hi-Nicalon7 M  at  1400°C  may  be  due  to  the  long  term  effects 
of  oxidation,  causing  rupture  at  a  reduced  strain  and  longer  rupture  times  [46]. 
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The  above  results  indicate  that  the  Monkman-Grant  relationship  for  Hi-Nicalon™  S 
fiber  tows  is  independent  of  environment  and  agrees  well  with  previous  Monkman- 
Grant  analyses  for  earlier  generation  SiC  fiber  tows  and  CMCs.  The  Monkman-Grant 
relationsip  can  be  used  with  confidence  to  predict  creep  lifetime  of  Hi-Nicalon™  S 
fiber  tows  and,  with  caution,  may  be  useful  in  predicting  that  of  CMCs  reinforced  with 
Hi-Nicalon™  S  fiber  tows.  However,  data  should  be  collected  for  Hi-Nicalon™  S 
fiber  tows  at  temperatures  in  the  range  of  1200  -  1400°C  and  for  CMCs  reinforced  with 
Hi-Nicalon™  S  fiber  tows  in  order  to  confirm  the  usability  of  the  Monkman-Grant 
relationship. 
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V.  Oxidation  Kinetics  of  Hi-Nicalon™  S  Fiber  Tows 


5.1  Verification  of  Silicic  Acid  Saturation  of  Steam 

To  determine  whether  the  redesigned  test  facility  had  eliminated  the  variations  in 
oxidation  along  the  length  of  the  fiber  tows,  various  microscopic  analysis  were  em¬ 
ployed  to  observe  the  fibers  and  any  oxide  scale  that  formed.  Optical  microscopy  and 
scanning  electron  microscopy  (SEM),  with  Energy  Dispersive  Spectroscopy  (EDS), 
were  attempted.  The  data  collected  indicated  that  the  new  facility  had,  indeed, 
solved  the  problem.  The  following  sections  discuss  these  analysis  methods  and  their 
results. 

5.1.1  Optical  Microscopy. 

One  method  of  post-test  analysis  of  oxide  growth  involves  inspecting  a  fiber  tow 
specimen  via  optical  microscopy.  A  specimen  is  placed  under  an  optical  microscope, 
such  as  the  one  depicted  in  Chapter  3,  Figure  33,  with  a  light  shining  from  the  same 
side  of  the  specimen  as  the  lenses  capturing  the  images  so  as  to  provide  reflected 
light  to  the  lenses,  rather  than  transmitted  light.  If  a  sufficient  thickness  of  oxide 
layer  has  developed  on  the  surface,  colored  bands  of  light  will  be  visible,  as  though 
transmitting  the  light  through  a  prism.  These  colored  bands  are  called  interference 
fringes. 

This  phenomenon  can  often  be  observed  in  pools  of  water  in  a  parking  lot.  Oil  from 
cars  floats  on  the  surface  of  the  water.  As  the  sunlight  hits  the  pool,  some  of  the  light 
reflects  off  the  surface  of  the  oil  while  other  light  continues  through  the  oil  and  reflects 
off  of  the  surface  of  the  water.  As  we  know,  visible  light  has  different  wavelengths 
associated  with  different  colors.  When  all  wavelengths  are  together,  the  light  appears 
to  have  no  color.  However,  the  slightly  longer  distance  traveled  by  light  that  goes 
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through  the  oil  and  reflects  off  of  the  water  causes  those  wavelengths  of  light  to  be  out 
of  phase  with  the  same  wavelengths  of  light  that  reflected  off  of  the  oil  surface.  When 
all  of  the  light  recombines,  the  light  that  traveled  the  longer  distance  constructively 
and  destructively  interferes  with  the  rest  of  the  light,  causing  some  wavelengths  to 
increase  in  amplitude  (get  stronger)  and  others  to  decrease  in  amplitude  (get  weaker), 
or  even  annihilate  each  other  completely,  causing  the  appearance  of  the  colored  bands 
and  their  name:  interference  fringes.  This  phenomenon  is  depicted  schematically  in 
Figure  47. 


Figure  47.  Schematic  of  constructive  and  destructive  interference  of  light  that  causes 
interference  fringes  to  be  present  during  optical  microscopy  of  oxidized  fiber  tows 

The  same  principle  occurs  with  oxide  layers  that  grow  on  the  surface  of  fiber  tow 
specimens.  In  this  case,  the  “oil  on  the  surface  of  the  water”  is  the  oxide  layer  on  the 
surface  of  the  fiber.  Early  analysis  using  this  method  showed  no  interference  fringes  at 
all  along  the  length  of  the  fiber  tow.  This  was  a  positive  result  because  it  was  the  first 
indicator  saturating  the  steam  with  silicic  acid  had  successfully  corrected  the  problem 
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with  variations  in  oxidation  along  the  length  of  the  fiber  tow.  However,  it  also  meant 
that  analysis  via  optical  microscopy  would  not  provide  more  useful  information,  so 
no  further  optical  microscopy  was  conducted  and  analysis  via  SEM  was  pursued  and 
is  discussed  in  the  next  section  and  in  Section  5.2.  It  is  important  to  note  that  the 
absence  of  interference  fringes  did  not  suggest  that  no  oxidation  had  occurred.  In 
order  for  interference  fringes  to  appear,  the  oxide  layer  must  be  of  sufficient  thickness 
that  the  light  traveling  through  it  goes  far  enough  to  create  enough  of  an  offset  (phase 
lag)  to  result  in  the  constructive  and  destructive  interference.  For  SiC,  the  thickness 
must  be  approximately  60  nm  before  the  interference  fringes  begin  to  appear.  In  this 
case,  the  oxide  layers  that  developed  were  too  thin  to  create  such  interference. 

5.1.2  Scanning  Electron  Microscopy. 

An  analysis  of  the  HiNicalon™  S  fiber  tow  specimens  was  conducted  using  EDS 
and  SEM  and  compared  to  the  results  produced  by  Steffens  [1]  and  Shillig  [23].  The 
fiber  tow  was  cut  at  three  locations  within  the  gauge  section:  near  the  center,  and 
approximately  one  inch  below  and  above  so  as  to  be  near  the  bottom  and  the  top 
of  the  hot  zone.  These  three  sections  of  fiber  tow  were  mounted  and  observed  under 
SEM.  Whereas  fiber  tows  tested  using  previous  methods  had  shown  signs  of  significant 
differences  in  chemical  composition  of  the  fiber  tow  from  the  bottom  to  the  top  of 
the  test  chamber,  this  fiber  tow  showed  no  significant  variation.  Silica  scale  growth 
due  to  oxidation  of  the  fibers  was  minimal  and  relatively  uniform  along  the  length 
of  the  fiber  tow.  Additionally,  the  appearance  of  the  silica  scale  was  fairly  smooth, 
with  no  pitting  and  very  few  deposits  that  would  result  from  silica  precipitation  out 
of  the  saturated  steam  and  showed  no  signs  of  a  crystallized  oxide  layer.  Figure  48 
shows  examples  of  the  active  and  passive  oxidation  found  at  different  locations  along 
the  fiber  tow  length  in  Shillig’s  work  [23].  Figures  49-51  are  SEM  images  of  the  Hi- 
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Nicalon™  S  SiC  fiber  tow  specimen  subjected  to  the  saturated  steam  environment 
at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi),  taken  at  the  three  locations  along 
the  length  of  the  fiber  tow. 


Figure  48.  Variations  along  the  fiber  tow  due  to  testing  in  unsaturated  steam,  a.) 
Fiber  degradation  due  to  active  oxidation,  typically  found  in  sections  of  the  fiber  tow 
near  the  bottom  of  the  test  chamber,  b.)  Silica  (Si02)  scale  growth  typically  found  in 
sections  of  the  fiber  tow  near  the  top  of  the  test  chamber.  Reproduced  from  [23] 


Figure  49.  Lower  section  of  Hi-Nicalon™  S  SiC  fiber  tow  specimen  subjected  to  the 
saturated  steam  environment  at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi) 
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Figure  50.  Center  section  of  Hi-Nicalon7  M  S  SiC  fiber  tow  specimen  subjected  to  the 
saturated  steam  environment  at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi) 


Figure  51.  Upper  section  of  Hi-NicalonJ  AI  S  SiC  fiber  tow  specimen  subjected  to  the 
saturated  steam  environment  at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi) 

The  various  features  evident  in  Figures  49-51  are  characteristic  of  the  fibers  at 
all  locations  studied.  The  most  prominent  feature  is  the  smooth,  somewhat  mottled 
surface,  which  has  a  thin  layer  of  oxidation.  Areas  that  appear  lighter  in  the  SEM 
images  have  decreased  carbon  content  with  an  accompanying  increase  in  silicon  and 
oxygen,  as  shown  in  the  representative  spectrograph  shown  in  Figure  52.  The  de¬ 
creased  carbon  content  is  attributable  to  the  release  and  vaporization  of  the  carbon 
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during  the  oxidation  process.  The  darker  areas  showed  less  oxygen  content  and  a 
more  stoichiometric  SiC  composition,  as  seen  in  Figure  53.  Figure  54  shows  a  repre¬ 
sentative  spectrograph  for  the  interior  of  the  fibers,  obtained  in  the  cross-section  of  a 
cut  fiber,  where  very  little  oxygen  is  present  and  the  SiC  is  near-stoichiometric. 


Energy  (keV) 


Figure  52.  Energy  dispersive  spectrograph  representative  of  the  lighter  areas  of  the 
surface  of  Hi-Nicalon2  M  S  SiC  fiber  tow  specimen  subjected  to  the  saturated  steam 
environment  at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi).  The  composition  shows 
in  increase  in  silicon  content  from  stoichiometric  SiC,  an  accompanying  decrease  in 
carbon,  and  some  oxygen.  The  content  was  72.96%  silicon,  16.29%  carbon,  and  9.72% 
oxygen  by  atomic  percent. 
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Figure  53.  Energy  dispersive  spectrograph  representative  of  the  darker  areas  of  the 
surface  of  Hi-Nicalon™  S  SiC  fiber  tow  specimen  subjected  to  the  saturated  steam 
environment  at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi).  The  composition  is  near 
stoichiometric  SiC  and  a  smaller  amount  of  oxygen  than  the  lighter  areas.  The  content 
was  46.53%  silicon,  45.25%  carbon,  and  7.06%  oxygen  by  atomic  percent. 
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Figure  54.  Energy  dispersive  spectrograph  representative  of  the  darker  areas  of  the 
surface  of  Hi-Nicalon™  S  SiC  fiber  tow  specimen  subjected  to  the  saturated  steam 
environment  at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi).  The  composition  is  near 
stoichiometric  SiC  and  a  very  small  amount  of  oxygen.  The  content  was  48.87%  silicon, 
49.09%  carbon,  and  1.51%  oxygen  by  atomic  percent. 


It  was  noted  in  the  SEM  analysis  that  the  dark  areas  tend  to  be  axial  in  nature, 
running  along  the  fibers  in  fairly  straight  lines,  suggesting  areas  of  contact  between 
neighboring  fibers.  The  composition  difference  between  the  light  and  dark  areas  of 
the  surface  indicates  that  less  oxidation  took  place  in  the  dark  areas.  This  is  likely 
a  result  of  less  exposure  to  the  steam  environment  than  the  lighter  areas  due  to 
contact  between  fibers.  The  common  features  observed  on  the  fibers  subjected  to  the 
saturated  steam  environment  at  800°C  and  to  a  load  of  2.96  MPa  (429.3  psi)  can  be 
seen  in  Figure  55. 
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Figure  55.  Common  surface  features  of  Hi-Nicalon™  S  SiC  fiber  tow  specimens 
subjected  to  the  saturated  steam  environment  at  800°C  and  to  a  load  of  2.96  MPa 
(429.3  psi).  Note  the  a)  smooth,  mottled  surface,  b)  large  chunks  of  fiber,  c)  small 
precipitates  of  silica,  and  d)  small  flakes  of  the  silica  oxide  layer. 


Large  chunks  of  fiber  and  small  flakes,  primarily  found  near  the  cut  end  of  the  fiber 
were  common.  The  large  chunks  had  the  same  appearance  as  the  fibers  and  showed  the 
same  composition.  The  small  flakes  were  similar  in  appearance  and  composition  to  the 
lighter  areas  of  the  fiber  surface,  suggesting  flakes  of  oxide  layer.  The  concentration 
of  the  fiber  chunks  and  flakes  of  oxide  layer  near  the  cuts  supports  the  conclusion 
that  the  chunks  and  flakes  are  generated  when  the  fibers  that  have  not  failed  are 
mechanically  cut  during  SEM  specimen  preparation. 

Another  common  feature  was  bits  of  crystalline  material  scattered  along  the 
lengths  of  the  fibers.  These  bits  tended  to  have  compositions  high  in  silicon  and 
oxygen  and  a  crystalline  appearance,  ft  is  likely  that  these  are  small  precipitates 
formed  on  the  surface  of  the  fiber  as  a  result  of  slight  localized  cooling  of  the  silicic 
acid-saturated  steam.  This  cooling  would  cause  a  small  decrease  in  the  capacity  of 
the  steam  to  carry  the  dissolved  silicic  acid,  resulting  in  small  amounts  of  silica  pre¬ 
cipitating  out  of  the  steam.  This  conclusion  is  supported  by  a  small,  but  noticeable 
increase  in  the  number  of  these  small  bits  that  appear  on  the  fibers  near  the  top  of 
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the  hot  zone,  where  the  temperature  drops  off.  The  presence  of  a  small  amount  of 
precipitation  both  supports  the  conclusion  that  the  steam  is  saturated  and  highlights 
the  need  to  closely  control  the  steam  temperature. 

Yet  another  indicator  that  the  steam  was  saturated  is  that  the  154  MPa  (22.3  ksi) 
test  went  to  run-out.  This  is  consistent  with  creep  lifetimes  reported  by  Gauthier  and 
Lamon  [121],  whose  results  predicted  the  lifetime  at  loads  below  300  MPa  (43.5  ksi) 
to  be  on  the  order  of  one  to  two  months.  None  of  the  previous  tests  conducted  by 
Steffens  [1]  and  Shillig  [23]  in  unsaturated  steam  resulted  in  run-out  at  this  load 
level.  Steffens’  test  at  154  MPa  (22.3  ksi)  lasted  only  0.03  hrs  [1].  Shillig’s  two  tests 
at  154  MPa  (22.3  ksi)  lasted  37.89  hrs  and  71.69  hrs. 

5.2  Common  Features  of  Oxidized  Fibers 

More  extensive  analysis  of  specimens  via  SEM  revealed  common  features  of  the 
oxidized  fibers  and  other  features  of  interest.  The  following  is  a  brief  review  and 
discussion  of  the  features  of  interest  as  observed  via  SEM.  The  SEM  images  presented 
here  are  representative  of  what  was  seen  on  all  of  the  specimens.  The  complete  set  of 
images  captured  via  SEM  is  found  in  Appendix  B. 

The  most  common  feature  among  all  of  the  specimens  is  the  smooth  surface  and 
light  hue  of  the  fibers.  As  can  be  seen  in  the  representative  images  shown  in  Figure  56, 
the  fibers  appear  smooth,  but  not  glassy.  Areas  of  darker  hue  are  evident,  but  not 
ubiquitous,  and  often  have  a  linear  appearance,  as  noted  in  Section  5.1.2. 
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Those  fibers  that  experienced  fracture  during  the  creep  test  (creep  rupture)  dis¬ 
played  a  classic  brittle  fracture  behavior,  as  can  be  seen  in  Figures  57  and  58.  The 
fracture  surface  is  perpendicular  to  the  surface  and  long  axis  of  the  fibers.  A  clear 
progression  of  the  fracture  can  be  seen  in  most  fibers  as  represented  by  Figure  57.  The 
fracture  initiated  on  the  right  of  the  fiber,  as  indicated  by  the  arrow,  likely  due  to  a 
surface  flaw  created  by  the  fabrication  process,  to  specimen  preparation  or  handling, 
or  to  oxidation  of  the  fiber.  The  crack  grew  radially  outward  from  that  spot  for  a 
period  of  time  until  reaching  the  critical  crack  size,  after  which  the  crack  grew  rapidly 
to  failure,  as  evidenced  by  the  more  rough  fracture  surface  toward  the  left  side. 


Figure  57.  Brittle  fracture  of  Hi-Nicalon2  M  S  fiber  tow  specimens  after  creep  rupture 
in  air  at  800°C. 

The  SEM  images  of  brittle  fracture  surfaces  do  not  show  significant  signs  of  cavity 
nucleation  and  growth  as  the  cause  of  fracture.  The  crack  initiation  point  is  clearly  at 
the  edge,  due  to  oxidation  or  a  surface  defect.  This  suggests  that  a  conclusion  of  grain 
boundary  sliding  with  cavity  nucleation  and  growth  as  the  dominant  damage  rnech- 
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Figure  58.  Brittle  fracture  of  Hi-Nicalon2  M  S  fiber  tow  specimens  after  creep  rupture 
in  silicic  acid-saturated  steam  at  800° C. 

anism  in  saturated  steam  may  be  premature.  SEM  images  at  higher  magnification 
and  resolution  would  be  helpful  in  determining  this  definitively. 

Some  brittle  fractures  clearly  initiated  at  points  of  interaction  with  other  fibers. 
Figure  59  shows  examples  of  two  such  fibers.  Note  the  initiation  site  of  the  fracture 
coincides  with  the  axial  line  of  darker  (a)  or  recessed  (b)  portion  of  the  fiber.  Figure  60 
shows  two  fibers  still  bonded  together  and  the  line  of  interaction  where  a  portion  of 
on  of  the  fibers  has  been  dislodged,  ft  is  instructive  to  note  that  the  fiber  interactions 
that  were  not  simply  incidental,  i.e.  interactions  that  “cemented”  fibers  together  and 
that  caused  fracture,  occurred  mostly  in  specimens  subjected  to  silicic  acid-saturated 
steam.  This  is  likely  due  to  the  increased  oxidation  as  compared  to  specimens  tested 
in  air. 
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Figure  59.  Evidence  of  fiber  interactions  as  a  cause  of  crack  initiation  in  Hi-Nicalon7  M  S 
fiber  tow  specimens  subjected  to  creep  in  silicic  acid-saturated  steam  at  800°C. 
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Figure  60.  Evidence  of  fiber  interactions  of  Hi-Nicalon7  M  S  fiber  tow  specimens  after 
being  subjected  to  creep  in  silicic  acid-saturated  steam  at  800°C. 
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Some  less  common  but  noteworthy  features  were  also  seen  among  the  fiber  tow 
specimens.  Rough,  dark  areas  were  observed  occasionally  on  the  surface  of  the  fibers 
and  tended  to  be  concentrated  in  areas  around  fractures.  These  areas  are  likely  areas 
of  greater  oxidation.  This  increased  oxidation  may  be  a  a  result  of  exposure  to  a 
contaminant  or  due  to  greater  exposure  to  the  oxidizing  species  in  the  environment. 
It  is  possible  that  these  fibers  were  near  the  outer  edges  of  the  fiber  tow,  causing 
them  to  react  more  quickly  than  fibers  toward  the  center  of  the  tow.  Figures  61  and 
62  are  representative  of  the  fibers  observed  with  this  feature. 


Figure  61.  Rough,  dark  areas  seen  around  fractures  of  Hi-Nicalon1  M  S  fiber  tow  spec¬ 
imens  subjected  to  creep  in  silicic  acid-saturated  steam  at  800° C  are  likely  the  crack 
initiation  sites. 
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Figure  62.  Rough,  dark  areas  seen  around  fractures  of  Hi-NicalonJ  M  S  fiber  tow  spec¬ 
imens  subjected  to  creep  in  silicic  acid-saturated  steam  at  800° C  are  likely  the  crack 
initiation  sites. 

In  section  5.1.2,  it  was  mentioned  that  there  was  evidence  of  small  particles  on 
the  surface  of  the  fibers.  It  is  assumed  that  these  are  precipitates  of  silica  left  behind 
as  the  steam  cools.  These  were  fairly  common.  Spidery  tendrils,  as  seen  in  Figure  63, 
and  crystalline  growths,  as  seen  in  Figure  64,  were  not  frequent  but  were  noted  on 
some  fibers  tested  in  silicic  acid-saturated  steam.  These  are  also  likely  to  be  silica 
precipitation  from  the  steam.  These  features  were  not  observed  on  specimens  tested 
in  air. 
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Figure  63.  Spidery  tendrils  of  deposits  of  silica  likely  precipitated  out  of  the  silicic  acid- 
saturated  steam  environment  during  creep  tests  of  Hi-Nicalon7  M  S  fiber  tow  specimens 


at  800°C. 
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Figure  64.  Crystalline  deposits  of  silica  likely  precipitated  out  of  the  silicic  acid- 
saturated  steam  environment  during  creep  tests  of  Hi-Nicalon™  S  fiber  tow  specimens 
at  800°C. 

Another  less  common,  but  noteworthy  feature  was  evidence  of  contaminants  or 
inclusions.  A  contaminant  is  a  foreign  substance  not  intended  to  be  part  of  the 
fiber.  An  inclusion  is  a  contaminant  that  becomes  part  of  the  crystal  structure  of  the 
fiber,  typically  during  the  manufacturing  process.  Figures  65  and  66  show  examples  of 
possible  inclusions  or  contaminants  in  fiber  tow  specimens  tested  in  air  that  were  at  or 
near  the  fracture  surface  of  the  fiber,  likely  causing  the  fracture,  while  Figure  67  shows 
an  example  in  a  specimen  tested  in  silicic  acid-saturated  steam.  Note  the  concentric 
rings  of  discoloration  in  the  fiber  surface  and  similar  discoloration  in  the  fracture 
surface.  This  discoloration  is  an  indication  of  the  change  in  the  crystal  structure  of 
the  fiber  caused  by  the  inclusion  or  contaminant.  Inclusions  and  contaminants  can 
accelerate  oxidation  by  acting  as  nucleation  sites  where  the  chemical  energy  necessary 
to  break  bonds  and  conduct  the  oxidation  reaction  is  less  than  the  surrounding  area. 
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Figure  65.  Contaminants  introduced  during  fabrication,  preparation,  or  testing  of  Hi- 
Nicalon™  S  fiber  tow  specimens  subjected  to  creep  in  air  at  800°C  can  cause  increased 
localized  oxidation,  often  resulting  in  failure  of  the  fiber  at  or  near  the  location  of  the 
contaminant.  Here  the  fracture  surface  clearly  shows  that  the  crack  formed  at  the  site 
of  the  contaminant. 
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Figure  66.  Contaminants  introduced  during  fabrication,  preparation,  or  testing  of  Hi- 
NicaloniM  S  fiber  tow  specimens  subjected  to  creep  in  air  at  800°C  can  cause  increased 
localized  oxidation,  often  resulting  in  failure  of  the  fiber  at  or  near  the  location  of  the 
contaminant. 
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Figure  67.  Contaminants  introduced  during  fabrication,  preparation,  or  testing  of  Hi- 
Nicalon7  M  S  fiber  tow  specimens  subjected  to  creep  in  silicic  acid-saturated  steam  at 
800° C  can  cause  increased  localized  oxidation,  often  resulting  in  failure  of  the  fiber  at 
or  near  the  location  of  the  contaminant. 

As  part  of  the  manufacturing  process,  Hi-Nicalon™  S  SiC  fiber  tows  have  a 
Polyvinyl  Alcohol  (PVA)  coating  applied  to  decrease  damage  due  to  handling.  For 
this  study,  this  coating  was  allowed  to  burn  off  during  the  warm  up  portion  of  the 
test.  It  is  likely  that  the  byproducts  of  this  coating  burning  off  were  a  source  of 
the  contamination  observed  in  the  specimens.  The  evidence  of  contamination  was 
minimal  and  effects  like  those  seen  in  Figures  65  -  67  were  not  commonplace.  Though 
removal  of  the  sizing  prior  to  testing  in  future  efforts  would  reduce  these  occurrences, 
oxidation  results  were  qualitatively  consistent  with  work  done  by  Hay  in  which  sizing 
was  removed  prior  to  testing.  This  indicates  that  the  sizing  may  not  be  a  critical 
factor. 

One  of  the  most  interesting  and  inexplicable  features  was  also  the  least  common. 
In  most  of  the  saturated  steam  specimens  analyzed  via  SEM,  and  in  one  air  specimen, 
there  was  one  or  two  “rogue”  fibers  that  had  an  extremely  rough  surface  similar  to 
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that  of  a  crystallized  oxide  layer,  as  shown  in  Figures  68  -  69.  This  layer  is  clearly 
thicker  than  any  other  observed  oxide  layer.  It  is  unclear  what  causes  these  “rogue” 
fibers  to  exhibit  this  morphology,  but  it  has  been  noted  in  other  oxidation  tests  [198]. 


(b) 

Figure  68.  One  or  two  “rogue”  fibers  with  excessive  oxide  scale  growth  were  observed 
in  most  specimens  of  Hi-Nicalon7  M  S  fiber  tow  specimens  subjected  to  creep  in  air  at 
800°C.  Though  difficult  to  say  definitively,  these  appeared  to  always  be  on  the  outer 
edge  of  the  fiber  tow. 
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(a) 


0) 


Figure  69.  One  or  two  “rogue”  fibers  with  excessive  oxide  scale  growth  were  observed 
in  most  specimens  of  Hi-Nicalon7  M  S  fiber  tow  specimens  subjected  to  creep  in  silicic 
acid-saturated  steam  at  800°C.  Though  difficult  to  say  definitively,  these  appeared  to 
always  be  on  the  outer  edge  of  the  fiber  tow. 
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The  preponderance  of  evidence  in  the  SEM  images  of  Hi-Nicalon™  S  fiber  tows 
tested  as  part  of  this  research  effort  indicates  that  oxide  scale  growth  for  air  and 
silicic  acid-saturated  steam  is  very  small.  It  was  possible  to  see  what  appeared  to  be 
a  thin  layer  of  oxide  growth  on  most  specimens,  but  difficult  to  separate  it  from  edge 
effects  of  the  SEM.  As  mentioned  in  Section  5.1.2,  Electron  Dispersive  Spectroscopic 
analysis  of  various  surfaces  showed  that  an  oxide  layer  does  exist.  However,  the  oxide 
layer  was  too  thin  to  be  measured  via  SEM.  A  limited  number  of  specimens  was 
analyzed  via  Transmission  Electron  Microscopy  (TEM)  and  the  results  are  discussed 
in  the  next  section. 

5.3  Oxidation  in  Air  and  Silicic  Acid-Saturated  Steam 

Oxidation  is  controlled  by  the  rate  of  delivery  of  oxygen  to  the  surface  of  the  oxi¬ 
dizing  material  and  the  rate  of  reaction  of  the  oxygen  with  that  material.  Whichever 
rate  is  slower  will  drive  the  oxidation  rate.  However,  this  is  only  true  for  a  very  brief 
time  at  the  outset  of  oxidation.  As  oxidation  proceeds,  a  layer  of  oxide  forms  over  the 
surface  of  the  material,  causing  the  oxidation  rate  to  become  a  function  of  the  rate 
of  diffusion  of  oxygen  through  the  oxide  layer  to  the  oxide-material  interface  where 
further  oxidation  can  occur  in  addition  to  the  rate  of  transport  to  the  surface  and  the 
reaction  rate.  Over  time,  as  the  oxide  layer  gets  thicker  the  time  required  for  diffusion 
of  the  oxygen  through  the  oxide  layer  increases.  Regardless  of  the  rate  of  transport 
to  the  surface  and  the  oxidation  reaction  rate,  eventually,  the  oxide  layer  will  become 
thick  enough  (assuming  sufficient  size  of  the  oxidizing  material)  that  the  diffusion 
rate  will  be  lower  than  the  other  rates  and  will  be  the  driving  factor  in  the  overall 
oxidation  rate  of  the  material.  This  diffusion-dependent  oxidation  rate  continues  to 
decrease  as  the  oxidation  layer,  or  scale,  grows  thicker.  Figure  70  shows  a  schematic 
of  this  oxidation  process. 
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Figure  70.  Schematic  of  oxidation  dependence  on  mass  transport,  diffusion,  and  reac¬ 
tion  rates. 

Deal  and  Grove  developed  a  mathematical  relationship  describing  this  oxidation 
process  for  silicon  [28]  and  it  is  reviewed  here.  Rates  one,  two,  and  three  depicted  in 
Figure  70  are  denoted  as  fluxes  F\ ,  F2l  F3,  respectively. 

The  rate  of  transport  of  the  oxygen  from  the  environment  is: 


Fi  =  h  {C*  -  C0) 


(31) 


where  h  is  a  transport  coefficient  specific  to  the  gaseous  environment  and  the  oxide 
surface,  Co  is  the  concentration  of  the  oxidant  on  the  oxide  surface  at  any  point 
in  time,  and  C*  is  the  equilibrium  concentration  of  the  oxidant  in  the  oxide.  In 
other  words,  C*  is  the  oxide  surface  concentration  at  which  no  transport  from  the 
environment  will  occur  and  is  related  to  the  partial  pressure  of  the  oxidant  in  the 
gaseous  environment. 
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The  rate  of  diffusion  through  the  oxide  layer  is  given  by  Fick’s  Law  and  assumed 
to  be  steady  state  and,  therefore,  linear: 

C0 -Q 

F2  =  -Be„VLr ^  (32) 

Xo 

where  -De//  is  the  effective  diffusion  coefficient,  Ct  is  the  concentration  of  the  oxidant 
near  the  boundary  of  the  oxide  layer  and  the  oxidizing  material,  and  xo  is  the  oxide 
layer  thickness. 

The  oxidation  reaction  rate  is: 


F3  =  kC, 


(33) 


where  k  is  a  rate  coefficient  specific  to  the  interface  between  the  oxide  layer  and  the 
oxidizing  material. 

Noting  that  for  steady-state  conditions  =  F2  =  F3  —F,  and  assuming  that 
Deff  <C  k  and  h,  then  Co  and  Ct  can  be  eliminated  and  the  flux,  F,  becomes: 


F 


kct 

1  I  k  ,  kx o 
h  Deff 


(34) 


Deal  and  Grove  go  on  to  state  that  the  rate  of  oxide  growth  can  be  written  as: 


dxo  F 
dt  N\ 


(35) 


where  N\  is  the  number  of  oxidant  molecules  in  a  unit  volume  of  the  oxide  layer. 

Using  the  boundary  condition  that  Xq  is  equal  to  an  initial  oxide  layer  thickntess, 
Xi,  at  t  =  0,  the  solution  to  this  differential  equation  is: 


xl  +  Ax  o  =  B{t  +  r) 


(36) 
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where  r  is  a  time  shift  that  accounts  for  the  presence  of  the  initial  oxide  layer  and  is: 


x. f  +  Axi 


T  = 


B 


(37) 


and  A  and  B  are: 


A  -  2D°"  ^l  +  l 

c* 

B  =  2  Deff  — 


N i 


(38) 

(39) 


Lastly,  solving  Equation  36  for  Xq  yields  a  relationship  for  the  oxide  thickness  as 
a  function  of  time: 

A 


x0  = 


.  t  +  r 
1  +  ~aT  1  _  1 

4  B 


(40) 


which,  for  long  times,  becomes: 


x0  «  ( Bt )2 


(41) 


where  B  becomes  the  parabolic  rate  constant. 

These  equations  can  be  applied  to  a  number  of  different  oxidants  and  oxide  layers 
for  various  materials,  with  the  values  of  C *,  Co,  h ,  k ,  and  Deff  depending  on  the 
species  of  oxidant,  the  oxidizing  material,  and  the  oxide  that  forms.  Deal  and  Grove 
applied  this  model  to  O2  as  the  oxidant,  Si  as  the  oxidizing  material,  and  SiCD  as  the 
oxide  layer. 

Song  et  al  modified  the  Deal-Grove  model  for  oxidation  of  SiC  [165].  The  model 
took  into  account  the  effect  of  the  CO  oxidation  reaction  byproduct  and  its  diffusion 
out  through  the  Si02  oxide  layer.  This  results  in  an  additional  flux  equation  for  mass 
transport  (F±)  and  diffusion  (F2)  and  an  added  term  in  the  reaction  flux  equation 
(F3)  each  for  the  CO.  The  iq  and  F2  equations  take  the  same  form  with  values  for 
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C*,  C0,  h,  k,  and  Deff  for  CO.  The  modified  oxidation  reaction  rate,  F:i,  is: 


F3  —  kfCo2  —  krCco 


(42) 


where  kf  is  the  forward  reaction  rate  coefficient  and  kr  is  the  reverse  reaction  rate 
coefficient. 

The  inclusion  of  the  CO  out-diffusion  effects  and  subsequent  adjustment  of  the 
flux  equations  results  in  a  slightly  different  definition  for  the  parameters  A  and  B: 


A  = 


B  = 


1  I  kr 

ho2  hco 

1 jfe/  I  kr 

Dq2  Dco 


kfC})2  —  krCc0 


(43) 


(44) 


TV-  ( 1'5kf  +  kr  ^ 

*  +  Dco ) 

where  B  is  also  the  parabolic  rate  constant  and  the  linear  rate  constant,  B/A,  be¬ 


comes: 


B 


kfC'Q2  krCc0 


(45) 


Song  et  al  also  note  that  this  formulation  of  the  Deal-Grove  relationship  can  be 
applied  to  oxidation  in  wet  air  (steam)  with  H2  as  the  out-diffusing  species,  rather 
than  CO.  The  flow  of  oxidant  to  the  surface,  the  mass  transport  flux,  is  rarely  the  rate- 
limiting  part  of  the  oxidation  process  and  Song  et  al  assume  that  it  is  not.  However, 
in  a  tightly  packed  fiber  tow,  the  fibers  towards  the  center  of  the  tow  experience  a 
lower  mass  transport  flux  of  oxidant  to  their  surfaces  than  the  outer  fibers  experience 
due  to  physical  barrier  of  other  fibers  past  which  the  oxidant  must  flow.  Additionally, 
fiber  tows  encased  in  the  matrix  of  a  CMC  will  only  be  significantly  exposed  to  an 
oxidant  through  cracks  in  the  matrix.  As  these  cracks  are  small  and  tend  to  passivate, 
the  mass  transport  flux  through  the  cracks  is  significantly  lower  than  at  the  surface 
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of  the  CMC.  These  factors  make  it  conceivable  for  the  mass  transport  flux  to  be  more 
of  a  limiting  factor  in  certain  cases.  One  possible  evidence  of  a  mass  transport  flux 
driving  the  oxidation  might  be  evidence  of  significantly  thicker  oxide  scales  in  fibers 
towards  the  outside  of  the  fiber  as  compared  to  those  in  the  center  of  the  fiber.  This 
question  remains  largely  unexplored  in  literature,  possibly  due  to  the  difficulty  in 
maintaining  the  “inner”  vs.  “outer”  status  of  a  given  fiber  during  testing  and  due  to 
the  difficulty  of  determining  which  fibers  are  outer  fibers  and  which  are  inner  fibers 
during  post-test  analysis. 

Based  on  the  assumption  that  the  mass  transport  flux  is  not  the  limiting  factor, 
i.e.  that  h  k,  and  the  fact  that  during  steady-state  oxidation  Cq2  C£0,  the 
linear  and  parabolic  rate  constants  become: 


B  kfC*02 
A  Ni 


(46) 


kfCb2 


and  B  may  be  further  reduced  depending  on  whether  the  O2  diffusion  or  the  CO 


out-diffusion  is  the  controlling  process. 


As  reported  in  chapter  two,  Hay  et  al  showed  that  the  Deal-Grove  model,  using 
the  definition  of  A  and  B  modified  by  Song,  applies  to  amorphous  oxidation  growth 
on  SiC  fiber  tows  in  dry  and  wet  air  [153,  155].  Hay  et  al  compared  the  model  to 
one  for  the  cylindrical  geometry  of  fibers.  Using  this  cylindrical  version  of  the  model, 


Hay  et  al  found  that  the  oxidation  kinetics  of  fibers  very  closely  matches  that  of  a  flat 


plate  up  to  a  certain  oxide  thickness.  For  fibers  of  approximately  12  /jrn  diameter, 
such  as  Hi-Nicalon™  S,  the  point  of  deviation  from  the  flat  plate  oxidation  kinetics 
was  four  to  five  /im.  For  oxide  layers  (scale)  that  crystallize  at  or  below  this  thickness, 
the  flat  plate  version  of  the  model  is  sufficiently  accurate  and  is  simpler  to  employ. 
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Since  the  fibers  used  in  the  current  study  have  an  average  diameter  of  13  /mi,  very 
near  that  reported  by  Hay  et  al,  the  same  approach  may  be  taken  here.  Although  it 
is  unrealistic  to  measure  the  scale  thickness  in  the  SEM  images  taken  for  the  current 
work,  it  is  evident  that  oxide  scale  is  very  thin  and  definitely  less  than  one-third  the 
diameter  of  the  fibers,  so  the  flat  plate  version  of  the  model  is  adequate  for  this  study. 

Using  Equations  36  and  41,  experimental  creep  lifetime  data,  and  scale  thickness 
measurements  obtained  via  microscopy,  the  linear  and  parabolic  rate  constants,  B/A 
and  B,  respectively  can  be  determined.  It  is  assumed  that  oxidation  at  room  tempera¬ 
ture  during  the  storage  of  specimens  prior  to  and  after  testing  is  negligible.  Specimens 
that  achieved  run-out,  100  h  at  test  temperature  in  the  oxidizing  environment,  meet 
the  criterion  for  long  time  (t  3>  r)  that  yields  Equation  41,  since  the  heat-up  and  soak 
step  is  only  1.5  h.  Using  Equation  41  and  the  measured  scale  thickness  for  specimens 
that  achieved  run-out,  an  average  value  for  the  parabolic  rate  constant,  B,  can  be 
found  for  air  and  saturated  steam.  This  value  for  B  can  then  be  used  with  Equation 
36  to  determine  the  parameter  A  and,  thereby,  the  linear  rate  constant  B/A. 

It  is  impractical  to  directly  measure  the  scale  thickness  formed  during  the  heat-up 
and  soak  step  prior  to  continuing  testing.  Conducting  a  test  that  only  undergoes 
heat-up,  soak,  and  cool-down  would  provide  the  opportunity  to  directly  measure  the 
scale  thickness  due  to  these  steps,  but  the  scale  growth  due  to  heat-up  and  soak 
would  be  indistinguishable  from  that  of  cool-down.  As  such,  it  is  problematic  to 
experimentally  determine  a  value  for  the  initial  oxide  layer  and  the  associated  time 
shift,  t.  It  is  possible  to  calculate  this  value  using  the  methods  described  by  Hay  et 
al  (see  [153],  Eq  11),  but  this  method  requires  the  determination  of  the  activation 
energies,  Qa  and  Qb,  associated  with  the  parameters  A  and  B ,  respectively,  which 
requires  experimental  data  at  multiple  temperatures.  Because  the  current  work  was 
limited  to  800° C  only,  determination  of  these  activation  energies  was  not  possible.  As 
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such,  it  is  assumed  for  the  current  study  that  any  oxide  growth  due  to  heat  up,  soak, 
and  cool  down  is  negligible  compared  to  that  due  to  the  test  period  and  that  r  =  0  as 
a  result  of  this  assumption.  It  is  acknowledged  that  this  assumption  is  questionable 
at  shorter  test  times,  such  as  in  the  case  of  fast  fracture,  therefore,  calculation  of  the 
rate  constants  should  be  accomplished  using  tests  at  least  one  order  of  magnitude 
longer  than  the  heat  up  and  soak  period.  Heat  up  and  soak  periods  ranged  from  1  - 
1.7  hours  and  test  times  ranged  from  14.3  -  100  hours. 

With  the  values  calculated  for  B  using  Equation  41  and  the  long-term  test  data 
at  each  stress  level,  a  value  for  A  can  also  be  calculated  for  using  Equation  36  and 
short-term  test  data  at  the  same  stress  level.  These  values  can  then  be  used  with 
their  respective  B  values  for  the  same  stress  to  determine  the  linear  rate  constant, 
B/A.  An  average  of  these  values  for  a  given  stress  can  then  be  taken  as  the  overall 
linear  rate  constant.  As  a  secondary  check,  scale  thicknesses  and  growth  times  can 
be  plotted  and  a  quadratic  regression  fit  used  to  determine  the  linear  and  parabolic 
rate  constants.  With  r  =  0,  Equation  36  can  be  rearranged  such  that: 

t  =  (48) 

By  plotting  scale  thickness  on  the  abscissa  and  time  on  the  ordinate  and  fitting  a 
quadratic  regression,  the  coefficients  of  the  Xo  terms  may  be  found.  The  coefficient  of 
the  first  term  is  the  inverse  of  the  parabolic  rate  constant  and  the  coefficient  of  the 
second  term  is  the  inverse  of  the  linear  rate  constant. 

As  scale  thickness  measurements  could  not  be  accomplished  via  available  optical  or 
scanning  electron  microscopy,  the  test  specimens  were  delivered  to  the  Materials  and 
Manufacturing  Directorate  of  the  Air  Force  Research  Laboratory,  Wright-Patterson 
Air  Force  Base,  OH,  for  preparation  and  imaging  under  TEM.  Fiber  tows  are  encased 
in  an  epoxy  resin  for  ease  of  handling.  The  fiber  tows  are  then  cut  into  thin  cross- 
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sections  suitable  for  mounting  in  a  TEM  and  polished  to  remove  debris  from  the 
sectioning.  Figure  71  is  a  schematic  of  a  typical  TEM  image  of  a  fiber  tow.  A  portion 
of  the  fiber  cross-section  is  selected  and  an  image  is  taken  at  high  magnification,  as 
indicated  by  the  colored  box.  The  magnified  image,  as  depicted  at  the  bottom  of 
the  schematic,  clearly  shows  the  fiber  cross-section,  the  oxide  layer,  and  the  epoxy. 
The  oxide  scale  appears  as  a  layer  between  the  epoxy  and  the  fiber  cross  section  and 
can  be  measured  directly  while  imaging,  or  at  a  later  time  using  a  scale  bar  saved 
with  each  image.  Multiple  measurements  are  taken,  as  depicted  by  the  arrows  in 
the  schematic,  at  different  locations  in  order  to  get  a  more  accurate  idea  of  the  scale 
thickness.  The  measurements  can  then  be  averaged  to  determine  an  overall  scale 
thickness  for  a  given  fiber  tow  specimen.  Preliminary  results  of  TEM  analysis  are 
shown  below  in  Table  13,  however,  there  was  an  insufficient  number  of  data  points  to 
calculate  the  rate  constants  with  any  confidence. 


Epoxy 

Mounting 

Layer 


Figure  71.  Schematic  of  a  typical  TEM  image.  Yellow  arrows  indicate  multiple  mea¬ 
surements  taken  and  averaged  to  determine  oxide  thickness. 
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Table  13.  Preliminary  oxide  scale  thickness  measurements  obtained  under  TEM  for 
Hi-Nicalon1  M  S  SiC  fiber  tow  specimens  tested  at  800° C  in  dry  air  and  in  silicic  acid- 
saturated  steam. 


800°C 

Stress 

Scale  Thickness  (nm) 

(MPa) 

Air 

SatSteam 

2.96 

14.4 

- 

625 

- 

21.7 

798 

31.1 

- 

960 

31.8 

- 

The  Deal-Grove  model  was  developed  for  oxidation  of  unstressed  silicon.  In  cases 
of  stressed  oxidation,  as  with  SiC  fiber  tows  used  to  reinforce  CMCs,  the  oxidation 
rate  is  significantly  affected  by  the  presence  of  the  stress.  For  tensile  stresses,  the 
rate  increases  [125,  199,  200],  whereas  compressive  stresses  tend  to  decrease  the  rate. 
This  is  due,  in  part,  to  the  effect  of  stress  on  crack  growth. 

Cracks  in  the  fibers  and  in  the  oxide  layer  provide  a  path  of  least  resistance  for 
the  environmental  species  that  causes  oxidation,  since  the  energy  required  to  deliver 
oxygen  through  the  open  environment  of  the  crack  is  much  lower  than  that  required 
to  diffuse  through  the  oxide  layer.  To  use  an  electrical  analogy,  the  resistance  is  much 
lower  in  the  crack,  and  a  “short  circuit”  is  formed.  This  “short  circuit”  significantly 
increases  the  rate  of  oxidation. 

As  oxidation  occurs  on  the  surface  of  the  SiC  fibers,  an  oxide  layer  grows  with 
an  associated  volume  increase.  This  volume  increase  is  constrained  by  the  surface  of 
the  fiber  tow  and  causes  compressive  stresses  on  the  scale.  This  large  compressive 
stressed  is  relaxed  by  radial  viscous  flow,  causing  the  oxide  layer  to  get  thicker  [142] . 
For  an  amorphous  or  glassy  oxide  layer,  relaxation  and  flow  take  place  quickly.  As 
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the  active  oxidizing  species  diffuses  through  the  oxide  layer  and  continues  to  react 
with  the  fiber  at  its  surface,  new  oxide  is  formed  and  pushes  the  already  formed 
oxide  radially  outward.  When  a  crystalline  oxide  scale  forms,  it  can  increase  the 
oxidation  rate  in  two  ways.  The  crystalline  scale  begins  to  form  at  the  surface  of 
the  oxide  layer.  It  then  proceeds  to  grow,  more  rapidly  tangent  to  the  surface  than 
through  the  thickness,  consuming  the  amorphous  oxide  layer.  This  formation  of  a 
crystalline  oxide  scale  causes  a  hydrostatic  tension  to  develop  [142],  which  causes  the 
oxidation  driving  force  to  increase.  Additionally,  the  crystalline  scale  cannot  flow  like 
an  amorphous  oxide  layer.  As  the  oxidation  continues  and  the  now  crystalline  scale 
is  pushed  radially  outward,  a  tensile  hoop  stress  is  generated  and  the  crystalline  scale 
can  crack,  creating  a  “short  circuit”  and  increasing  the  rate  of  oxidation. 

Yen  and  Hwu  [199,  200]  found  that  tensile  stress  strongly  enhances  the  oxidation 
rate  of  silicon  and  that  the  parabolic  rate  constant  was  stress  dependent.  Hay  noted 
that  SiC  oxidation  is  very  similar  to  that  of  silicon  [142],  Gauthier  et  al  [125]  investi- 
cated  stressed  oxidation  of  SiC  fiber  tows  and  reported  a  significant  increase  in  oxide 
layer  thickness  for  Hi-Nicalon™  single  filaments  and  fiber  tows  as  well  as  an  increase 
in  the  parabolic  rate  constant  with  an  increase  in  applied  stress.  However,  for  Hi- 
Nicalon2  M  S,  there  was  a  much  smaller  increase  in  the  parabolic  rate  constant.  The 
parabolic  rate  constant  for  Hi-Nicalon™  changed  from  0.49  to  0.76  nm2/s  with  an  in¬ 
crease  in  stress  from  800  MPa  to  1276  MPa,  whereas  the  increase  for  Hi-Nicalon™  S 
was  from  0.01  to  0.04  nm2/s  for  the  same  change  in  applied  stress.  It  is  also  notable 
that  value  of  the  parabolic  rate  constant  for  Hi-Nicalon™  S  at  1276  MPa,  0.04  nm2/s, 
was  the  same  value  for  Hi-Nicalon™  at  zero  applied  stress. 

In  accordance  with  the  discussion  above,  the  oxidation  rate  and,  therefore,  the 
oxide  thickness  should  increase  with  stress  for  a  given  oxidation  time.  Multiple  tests 
conducted  in  both  air  and  steam  as  a  part  of  this  work  achieved  run-out,  enabling 
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a  comparison  of  oxide  growth  (scale  thickness)  at  various  stress  levels  in  both  air 
and  steam  at  100  hours  oxidation  time.  The  preliminary  results  listed  in  Table  13 
show  a  clear  correlation  between  the  applied  stress  and  the  oxide  thickness  and  agree 
with  the  parabolic  rate  constants  presented  by  Gauthier  et  al  that  indicate  that  the 
increase  for  Hi-Nicalon™  S  fiber  tows  should  be  small. 

5.3.1  Evidence  of  Preferential  Oxide  Growth  and  Crystallization. 

During  optical  imaging  conducted  at  AFRL,  an  interesting  phenomenon  became 
apparent  and  can  be  seen  in  Figure  72.  Inside  the  indicated  area,  note  the  fibers  that 
from  a  hexagonal  pattern,  and  a  few  others  around  them,  that  exhibit  significant 
oxidation.  All  the  rest  of  the  fibers  show  no  sign  of  oxidation  in  the  optical  micro¬ 
graph.  These  few  fibers,  out  of  the  entire  tow  of  approximately  500  fibers,  exhibit 
this  phenomenon.  Figures  73  -  75  show  these  fibers  at  greater  magnification.  A  clear 
ring  of  oxide  scale  can  be  seen  surrounding  each  of  the  fibers,  and  the  fibers  appear 
to  be  degraded. 
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Figure  72.  Optical  micrograph  of  Hi-Nicalon™  S  fiber  tow  specimens  subjected  to 
creep  in  silicic  acid-saturated  steam  at  800°C  and  625  MPa.  Note  the  region  in  the 
center  with  a  few  fibers  showing  very  large  oxide  scale. 


Figure  73.  Optical  micrograph  of  Hi-Nicalon™  S  fiber  tow  specimens  subjected  to 
creep  in  silicic  acid-saturated  steam  at  800° C  and  625  MPa. 
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Figure  74.  Optical  micrograph  of  Hi-Nicalon™  S  fiber  tow  specimens  subjected  to 
creep  in  silicic  acid-saturated  steam  at  800° C  and  625  MPa. 


Figure  75.  Optical  micrograph  of  Hi-Nicalon™  S  fiber  tow  specimens  subjected  to 
creep  in  silicic  acid-saturated  steam  at  800° C  and  625  MPa. 


Recall  the  “rogue”  fibers  discussed  previously  and  shown  in  Figures  68  and  69. 
The  surface  morphology  of  these  fibers  is  consistent  with  that  of  a  thick  crystallized 
scale.  Though  unclear  at  this  time,  it  is  possible  that  these  are  the  same  “rogue” 
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fibers  seen  in  the  SEM  images.  However,  this  phenomenon  is  not  isolated  to  the 
present  work.  Ongoing  studies  of  oxidation  of  Hi-Nicalon™  S  fiber  tows  by  Hay  at 
AFRL  have  also  shown  evidence  of  this  phenomenon  [198].  The  AFRL  tests  were 
also  conducted  in  silicic  acid-saturated  steam,  based  on  the  design  developed  for  this 
research  effort,  with  the  key  difference  that  specimens  were  not  tested  under  load. 
All  specimens  were  laid  horizontally  in  a  quartz  tube  and  exposed  to  an  oxidizing 
environment.  Figures  76  and  77  are  optical  micrographs  of  specimens  exposed  to 
silicic  acid-saturated  steam  for  100  hours.  Note  the  similar  ring  of  oxide  and,  in  the 
800°C  specimens,  similar  fiber  degradation.  In  these  specimens,  it  was  confirmed  via 
TEM  that  the  thick  oxide  was  crystallized  SiCH  [198].  It  was  also  observed  that  the 
other  fibers  had  1-2  nm  of  scale  growth  at  most  for  the  700°C  test  specimens,  with 
many  having  no  measurable  scale  at  all,  and  only  nominally  thicker  scales  at  800°C. 
Also  of  interest  in  the  800° C  specimens  is  the  evidence  of  the  oxide  wicking  to  one  side 
of  the  fiber,  leaving  almost  no  oxide  elsewhere.  Though  this  was  not  captured  in  the 
limited  optical  and  TEM  images  of  specimens  from  the  current  work,  SEM  analysis 
did  show  fibers  exhibiting  the  morphology  of  the  “rogue”  fibers  on  only  one  side  or 
a  limited  portion  of  the  fiber.  An  example  of  this  can  be  seen  in  Figures  B.91c  and 
B.91d  in  Appendix  B.  This  may  be  the  same  kind  of  wicking  phenomenon,  though 
the  evidence  is  insufficient  at  this  time  to  say  definitively  one  way  or  the  other. 
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Figure  77.  Optical  micrograph  of  Hi-Nicalon7  M  S  fiber  tow  specimen  subjected  to 
oxidation  for  100  h  at  800°C  [198],  used  with  permission. 


One  possible  explanation  for  this  phenomenon  is  that  the  majority  of  the  fibers 
did  have  a  large  crystallized  scale  growth,  but  it  was  lost  prior  to  analysis.  It  is  known 
that  crystallization  can  cause  large  radial  stresses  in  the  scale,  causing  it  to  de-bond 
or  separate  from  the  surface  of  the  fiber.  It  is  also  known  that  crystallized  scale  tends 
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to  crack.  It  is  possible  that  as  the  scale  separated  from  the  surface  of  the  fibers,  the 
flowing  gaseous  environment  blew  it  off  of  the  fibers.  A  fine  dust  found  inside  the  test 
facility  after  testing  may  support  this  hypothesis,  but  there  are  several  problems  with 
it.  Loss  of  the  scale  should  expose  the  SiC  more  readily  to  the  oxidizing  environment. 
Therefore,  one  would  expect  the  fibers  without  scale  to  be  smaller  than  “rogue” 
fibers,  yet  they  are  similar  size  or  smaller.  It  is  possible  that  the  scale  happened  to 
fall  off  right  at  the  end  of  the  test.  This  seems  unlikely,  especially  since  the  same 
phenomenon  is  seen  in  two  different  test  facilities,  with  separate  procedures.  While 
it  is  possible  that  specimen  handling  could  be  responsible  for  this,  it  is  unlikely  that 
handling  would  have  so  cleanly  and  preferentially  removed  scale  and  this  does  not 
account  for  the  smaller,  degraded  “rogue”  fibers.  A  more  likely  explanation  is  that 
the  difference  in  the  coefficient  of  thermal  expansion  between  the  fiber  and  the  silica 
scale  caused  the  scale  to  de-bond  from  the  fiber  during  post-test  cool  down.  However, 
one  would  expect  to  find  a  large  amount  of  scale  left  behind  in  the  test  chamber,  and 
this  was  not  the  case. 

Another  possibility  is  that  these  “rogue”  fibers  exhibit  such  oxidation  because 
they  are  on  the  outside  of  the  fiber  tow  and,  therefore,  have  greater  exposure  to  the 
oxidizing  environment.  These  outer  fibers  might  take  more  of  the  “brunt”  of  the 
effects  of  the  oxidizing  environment,  protecting  inner  fibers.  The  presence  of  oxide 
scale  growth  on  only  one  side  of  some  fibers  suggests  that  these  were  outer  fibers,  but 
more  tightly  packed  so  as  to  be  exposed  on  one  side  and  not  so  much  on  the  other. 
However,  this  does  not  seem  likely,  either.  If  this  were  the  case,  one  would  expect  a 
larger  number  of  fibers  to  exhibit  this  morphology.  Based  on  calculations  of  the  area 
and  circumference  of  the  tow  as  compared  to  the  diameter  of  the  fibers,  a  tow  of  500 
fibers  would  have  approximately  70  fibers  making  up  the  circumference  of  the  tow, 
yet  only  a  few  of  these  were  observed  in  each  specimen. 
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Contaminants  and  inclusions  are  known  to  act  as  nucleation  sites  for  scale  growth, 
and  have  been  seen  to  cause  crystallization  at  temperatures  below  the  normal  for 
crystallization.  The  “rogue”  fibers  may  have  been  been  exposed  to  contaminants  or 
developed  inclusions  during  the  manufacturing  process,  causing  them  to  be  prefer¬ 
entially  susceptible  to  this  crystalline  oxide  formation.  This  idea  is  supported  by 
the  observation  that  these  “rogue”  fibers  appear  in  close  proximity  to  one  another 
within  the  fiber  tow,  as  can  be  seen  in  Figures  72  through  75.  Similar  groupings  were 
observed  in  SEM  analysis. 

Alternatively,  contaminants  may  have  been  introduced  during  testing  due  to  test 
conditions  and  or  degradation  of  test  equipment.  If  these  “rogue”  fibers  are  outer 
fibers,  they  were  more  readily  exposed  to  these  contaminants.  Small  amounts  of 
contaminants  introduced  into  the  test  chamber  could  come  into  contact  with  a  few 
of  the  outer  fibers,  nucleating  the  crystallized  oxide  growth.  However,  as  mentioned 
before,  the  “rogue”  fiber  phenomenon  was  observed  in  specimens  from  experiments 
conducted  by  Hay  [198]  as  well  as  those  from  the  current  work.  The  test  facility 
used  by  Hay  employed  all  quartz  tubing,  whereas  the  test  facility  designed  for  this 
effort  used  all  alumina  tubing.  Additionally,  the  two  facilities  used  different  models  of 
steam  generator.  Another  difference  is  that  specimens  used  in  Hay’s  experiments  had 
the  fiber  tow  sizing  removed  by  boiling  in  de-ionized  water,  whereas  sizing  was  not 
removed  prior  to  testing  in  this  work.  These  differences  suggest  that  any  contaminants 
introduced  by  the  test  facility  and  any  associated  effects  would  be  unique  to  that  test 
facility,  yet  the  same  phenomenon  appears  in  both  cases.  One  difference  is  that  the 
“rogue”  fibers  of  this  work  appear  to  be  more  degraded  than  those  tested  by  Hay. 
This  may  be  due  to  contamination  from  the  sizing  that  burned  off  during  heat  up. 
In  an  effort  to  investigate  this,  EDS  was  conducted  on  some  of  the  “rogue”  fibers 
to  determine  their  composition  and  identify  any  contaminants  that  may  be  present. 
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Spectrographs  of  the  rough  crystalline  surface  confirmed  that  the  scale  was  silica  but 
did  not  show  significant  amounts  of  any  possible  contaminants.  Figure  78 


Energy  (keV) 


Figure  78.  Energy  dispersive  spectrograph  of  the  surface  of  “rogue”  fiber  from  a  Hi- 
Nicalon7  M  S  SiC  fiber  tow  specimen  subjected  to  the  saturated  steam  environment  at 
800°C  and  to  a  load  of  450  MPa  (65.3  ksi).  The  composition  is  representative  of  all 
EDS  conducted  on  this  morphology  and  is  consistent  with  significant  oxidation  of  the 
fiber  to  form  a  silica  scale.  The  content  was  42.86%  silicon,  10.68%  carbon,  and  45.81% 
oxygen  by  atomic  percent. 


At  800° C  and  about  1  atm,  the  conditions  for  the  tests  conducted  in  this  research 
and  in  that  of  Hay,  the  formation  of  such  a  crystallized  scale  is  unusual  in  air,  but 
not  in  steam.  Under  steam  environments  at  these  conditions,  published  phase  data 
for  silica  in  the  presence  of  water  indicates  that  any  silica  formation  should  be  in  the 
form  of  quartz,  a  crystallized  silica.  Therefore,  it  is  likely  that  the  scale  noted  on  the 
“rogue”  fibers  is  quartz.  This  phase  data  was  gathered  from  Tuttle  and  England  [201] 
and  is  depicted  in  Figure  79.  Note  that  the  conditions  for  this  testing  are  fairly  close 
to  the  transition  to  tridymite,  another  crystallized  scale,  making  that  a  secondary 
possibility. 
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Figure  79.  Phase  Diagram  for  silica  formation  in  a  water  environment.  Note  the  red  X 
depicting  the  test  conditions  during  this  research  effort.  Data  reproduced  from  [201]. 


As  mentioned  in  Chapter  2,  Opila  [152,  157]  studied  the  effects  of  water  vapor 
partial  pressure  on  the  oxidation  of  SiC.  Recall  that  the  experiments  were  conducted 
H2O/O2  and  IRO/Ar  environments  with  10-90  vol%  water  vapor  and  a  total  pressure 
of  1  atm.  It  was  found  that  oxidation  rates  increased  with  increased  water  vapor 
partial  pressure.  Opila  also  found  that  an  equilibrium  point  existed  at  which  the 
rate  of  formation  of  the  silica  oxide  equals  the  rate  of  volatization,  causing  the  scale 
thickness  to  become  constant.  It  is  thought  that  quartz,  tridymite,  and  cristobalite 
have  similar  values  of  equilibrium  partial  pressure.  If,  in  fact,  the  equilibrium  partial 
pressures  are  significantly  different,  especially  between  the  amorphous  quarts  and  its 
crystallized  counterparts,  another  possible  explanation  for  the  “rogue”  fiber  emerges. 
Assuming  the  equilibrium  partial  pressures  are  different,  it  is  possible  that  the  quartz 
which  was  expected  to  form  at  800° C  had  reached  the  equilibrium  point  very  early, 
resulting  in  the  thin  scales,  while  the  crystalline  scale,  nucleated  by  a  contaminant  or 
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inclusion,  formed  and  grew  on  the  “rogue”  fibers  because  the  environment  was  not 
at  its  equilibrium  partial  pressure.  Figure  80  shows  the  equilibrium  partial  pressure 
of  Si(OH)4  over  various  morphologies  of  solid  Si02  in  a  water  vapor  environment 
based  on  data  from  Jacobson  et  al  [202]  and  prepared  by  Mogilevsky  [203].  This  data 
is  applicable  to  the  test  facility  used  by  Hay,  with  its  quartz  tubing,  and  would  be 
different  for  the  current  work  due  to  the  use  of  alumina  tubing,  ft  is  noteworthy  that 
the  equilibrium  partial  pressures  are  not  significantly  different. 
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Figure  80.  Equilibrium  partial  pressures  of  silicic  acid  in  steam  over  various  morpholo¬ 
gies  of  silica.  Data  reproduced  from  [202]  by  Mogilevsky  [203]. 


These  hypotheses  are  complicated  by  the  fact  that  in  the  current  work,  tests 
were  conducted  in  100%  water  vapor  saturated  with  silicic  acid.  This  is  a  different 
chemical  environment,  with  different  reactions,  from  those  studied  by  Opila  and  others 
and  reported  in  literature.  The  chemical  reaction  Si02+H20 — >Si(OH)4  takes  place 
inside  the  pre-heater  chamber  prior  to  delivery  of  the  steam  to  the  test  chamber  and 
exposure  of  the  SiC  fiber  tow,  in  contrast  to  the  work  by  Opila,  in  which  the  reaction 
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took  place  within  the  test  chamber.  As  a  result,  the  work  by  Opila  is  instructive, 
but  these  differences  make  it  challenging  to  gain  a  clear  picture  of  what  should  be 
expected.  For  these  reasons,  further  investigation  of  this  “rogue”  fiber  phenomenon 
and  the  associated  chemical  reactions  ought  to  be  pursued  in  future  work. 
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VI.  Conclusions  and  Recommendations 


6.1  Summary 

Aerospace  structural  materials  are  designed  for  use  under  very  challenging  condi¬ 
tions  including  large  and  dynamic  stresses,  high  temperatures,  harsh  environments, 
and  long  service  periods.  These  materials  must  have  excellent  mechanical  properties 
and  be  capable  of  maintaining  these  properties  under  these  conditions.  As  structural 
metal  alloys  have  reached  the  limits  of  their  capabilities,  the  future  appears  to  be  in 
CMCs,  and  this  future  appears  very  bright.  It  is  anticipated  that  the  use  of  CMCs 
in  aerospace  applications  will  result  in  significant  weight  savings,  increased  efficiency 
and  capability  of  engines,  reduce  harm  to  the  environment,  and  make  attainable  ca¬ 
pabilities  that  currently  are  not,  such  as  hypersonic  aircraft.  These  benefits  will  result 
in  an  improvement  in  cost,  performance,  and  lifetime  of  aerospace  applications. 

CMC  development  has  been  and  continues  to  be  driven  by  the  desire  to  harness 
the  positive  attributes  of  ceramics  while  limiting  or  eliminating  the  drawbacks.  In 
particular,  designers  would  like  to  capture  the  high  strength,  creep  resistance,  and 
temperature  capabilities  of  ceramics  while  still  maintaining  the  graceful  failure  of 
metal  alloys,  rather  than  the  typical  sudden  catastrophic  failure  common  to  ceram¬ 
ics.  To  accomplish  this,  CMCs  must  be  developed  that  exhibit  superior  toughness, 
damage  tolerance,  and  graceful  modes  of  failure.  CMCs  must  also  maintain  these 
characteristics  at  high  temperatures  and  in  harsh,  oxidizing  environments.  Thermo¬ 
dynamic  stability  and  oxidation  resistance  are  vital  issues.  SiC  fibers  and  CFCCs 
have  shown  superior  strength,  creep  resistance,  high  temperature  capabilities,  tough¬ 
ness,  damage  tolerance,  and  graceful  modes  of  failure,  making  them  an  attractive 
alternative  to  metal  super-alloys.  However,  SiC  CMCs  have  shown  poor  oxidation 
resistance,  made  significantly  worse  by  the  presence  of  water.  In  order  to  improve 
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the  performance  of  SiC  CMCs,  the  performance  of  the  constituents  must  first  be 
improved.  Methods  such  as  environmental  barrier  coatings  Environmental  Barrier 
Coating  (EBC)  applied  to  fibers  are  being  developed  to  mitigate  the  oxidation  prob¬ 
lem,  but  these  solutions  can  only  succeed  based  on  a  thorough  knowledge  of  the 
damage  and  failure  mechanisms  of  these  constituents. 

This  research  effort  delivered  the  only  known  facility  for  testing  creep  of  SiC  fiber 
tows  in  steam  and  silicic  acid-saturated  steam.  It  solved  the  facility  and  methodology 
problems  identified  in  preliminary  efforts  to  study  SiC  fiber  tows,  making  meaningful 
creep  data  obtainable.  Using  this  facility,  the  creep  performance  of  Hi-Nicalon™  S 
SiC  fibers  in  air  and  in  steam  at  elevated  temperatures  was  investigated.  This  ef¬ 
fort  added  to  the  incomplete  body  of  knowledge  regarding  the  damage  and  failure 
mechanisms  of  SiC  fibers  operating  under  a  combination  of  mechanical  load,  high 
temperature  and  oxidizing  environment  and  paved  the  way  for  future  testing  of  SiC 
fiber  tows.  This  knowledge  enables  designers  to  develop  CMCs  that  meet  the  current 
and  future  needs  of  aerospace  applications. 

6.2  Conclusions 

A  unique  facility  and  methodology  were  developed  to  conduct  creep  and  tensile 
tests  of  fiber  tows  at  temperatures  up  to  1000°C  in  preheated  steam  saturated  with 
silicic  acid,  as  well  as  in  unsaturated  steam  and  in  dry  air.  The  challenges  of  chemical 
and  temperature  control  of  the  steam  environment  identified  in  preliminary  SiC  test 
efforts  were  overcome.  Chemical  variability  due  to  test  methodology  was  eliminated, 
resulting  in  oxidation  effects  being  independent  of  location  within  the  test  chamber. 
Steam  was  successfully  preheated  to  test  temperature  and  saturated  prior  to  intro¬ 
duction  into  the  test  chamber.  As  a  result,  meaningful,  repeatable  test  results  were 
obtained.  The  effects  of  silicic  acid-saturated  steam  on  the  mechanical  performance 
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of  Hi-Nicalon™  S  SiC  fiber  tows  were  studied.  Creep  and  monotonic  tension  tests 
were  conducted  in  air  and  in  silicic  acid-saturated  steam  at  800° C  and  compared  with 
previous  tests  conducted  in  steam  to  elucidate  the  performance  of  the  fiber  tows. 

Creep  results  revealed  that  silicic-acid  saturated  steam  had  a  degrading  effect  on 
the  creep  lifetime  and  steady-state  creep  rate,  as  compared  to  air.  However,  the  de¬ 
grading  effect  was  much  less  pronounced  than  tests  previously  conducted  in  steam 
that  was  not  preheated  and  saturated.  Creep  lifetimes  were  an  order  of  magnitude 
lower  for  a  given  stress  level  in  silicic  acid-saturated  steam  than  in  dry  air,  but  an 
order  of  magnitude  higher  than  creep  lifetimes  in  unsaturated,  unheated  steam.  Like¬ 
wise,  creep  rates  were  an  order  of  magnitude  higher  in  silicic  acid-saturated  steam 
than  in  dry  air,  but  an  order  of  magnitude  lower  than  creep  rates  in  unsaturated,  un¬ 
heated  steam.  Also,  Hi-Nicalon  ™  S  fiber  tows  exhibited  five  times  the  load  carrying 
capacity  in  silicic  acid-saturated  steam  as  in  unsaturated,  unheated  steam.  This  is  a 
direct  result  of  the  uniform  oxide  layer  sealing  the  surface  of  the  fiber.  Load  carry¬ 
ing  capacity  in  silicic  acid-saturated  steam  was  two-thirds  that  of  fiber  tows  tested 
in  dry  air,  as  measured  by  the  highest  stress  at  which  the  fiber  tows  attained  creep 
run-out.  As  discussed  in  chapter  four,  there  are  other  possible  explanations  for  the 
behavior  referred  to  herein  as  creep.  If  it  truly  is  creep,  then  the  stress  exponents 
for  air  and  silicic  acid-saturated  steam  were  determined  to  be  n  ~  5  for  air,  indi¬ 
cating  climb-controlled  dislocation  creep  as  the  driving  creep  failure  mechanism  in 
air,  and  n  ~  4  for  silicic  acid-saturated  steam,  indicating  a  creep  failure  mechanism 
of  grain  boundary  sliding  with  cavity  nucleation  and  growth.  However,  little  evi¬ 
dence  of  cavity  nucleation  and  growth  was  seen  in  SEM  images  of  fracture  surfaces. 
Further  microstructural  analysis  is  required  to  definitively  say  what  the  dominant 
failure  mechanism  is.  The  Monkman-Grant  relationship  was  shown  to  be  applicable 
to  Hi-Nicalon  ™  S  fiber  tows,  successfully  predicting  creep  lifetime  of  the  fiber  tows. 
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Though  lack  of  data  in  the  literature  for  CMCs  reinforced  with  Hi-Nicalon  ™  S 
fiber  tows  precluded  a  determination  on  the  use  of  the  Monkman-Grant  relationship 
to  predict  creep  lifetimes  of  these  CMCs,  it  possible  that  such  predictions  could  be 
successful,  and  limitations  were  discussed. 

The  results  of  monotonic  tensile  tests  showed  that  the  ultimate  tensile  strength 
of  Hi-Nicalon  ™  S  fiber  tows  had  little  to  no  dependence  on  stress  rate  at  800°C. 
Subcritical  crack  growth  parameters  were  calculated  from  the  experimental  results  of 
these  tensile  tests  and  a  linear-elastic  fracture  mechanics  model  was  used  to  predict 
creep  lifetimes.  Though  the  model  successfully  predicted  the  sharp  transition  from 
fast  fracture  to  creep  run-out  seen  in  the  experimental  creep  data,  it  underpredicted 
the  creep  lifetimes  of  Hi-Nicalon  ™  S  fiber  tows  in  both  air  and  silicic-acid  saturated 
steam.  This  underprediction,  and  the  lack  of  stress  rate-dependency,  are  evidence  that 
subcritical  crack  growth  is  not  the  governing  failure  mechanism  for  Hi-Nicalon  JM  S 
fiber  tows,  though  it  may  contribute  somewhat.  This  is  consistent  with  literature. 

Scale  thicknesses  were  measured  for  a  limited  set  of  specimens  using  images  ob¬ 
tained  via  transmission  electron  microscopy.  Scales  were  found  to  be  approximately 
half  those  found  in  previous  testing  of  Hi-Nicalon  ™  S  fiber  tows.  This  is  due  to  the 
saturating  of  the  steam  with  silicic  acid  prior  to  fiber  tow  exposure,  which  eliminated 
the  variations  along  the  length  of  the  fiber  tow,  and  to  the  passivating  effect  of  the 
now  uniform  amorphous  oxide  layer. 


6.3  Contributions 

Mechanical  testing  of  SiC  fiber  tows  in  steam  at  elevated  temperatures  is  not  a 
trivial  matter.  Control  of  the  temperature  and  containment  of  the  corrosive  high- 
temperature  steam  are  problematic.  The  unique  test  facility  and  methodology  de¬ 
veloped  in  this  effort  successfully  controlled  and  contained  the  steam  to  provide  a 
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steam  environment  with  preheated  and  silicic  acid-saturated  steam  up  to  1000° C  for 
mechanical  testing  of  SiC  fiber  tows,  while  also  providing  unsaturated  steam  and  dry 
air  options.  Previous  work  with  steam  did  not  preheat  or  saturate  the  steam.  This 
is  the  first  and  only  known  test  facility  to  achieve  this. 

Previous  testing  in  unheated,  unsaturated  steam  produced  inconclusive  results 
due  to  problems  with  contamination,  temperature  control,  and  test  methodology 
that  resulted  in  variability  within  each  test  specimen  based  on  location  within  the 
test  chamber  [1,  23].  As  a  result,  creep  results  were  suspect  and  inconsistent.  This 
research  effort  developed  a  new  methodology,  successfully  reducing  contamination 
and  eliminating  the  variability.  Consequently,  test  results  were  more  consistent  and 
repeatable,  making  test  data  more  reliable. 

Furthermore,  testing  in  silicic  acid-saturated  steam  has  produced  very  promising 
results.  It  is  significant  that  fiber  tows  tested  in  steam  saturated  with  silicic  acid 
showed  significantly  less  creep,  lower  creep  rates  and  more  than  five  times  the  load 
carrying  capacity  at  creep  run-out  than  any  previous  test  in  unsaturated  steam.  This 
study  shows  that  SiC  fiber  tows  are  much  less  susceptible  to  damage  due  to  oxidation 
and  to  subcritical  crack  growth  when  exposed  to  silicic-acid  saturated  steam.  This 
is  due  to  the  fact  that  the  steam  is  already  saturated  with  silicic  acid,  so  it  does 
not  leech  the  silicon  from  the  fiber  tows  and  actively  degrade  them.  Instead,  a  thin 
passivating  layer  of  silica  is  formed  which  slows  oxidation.  Since  the  performance 
of  a  CMC  is  largely  dependent  on  the  performance  of  the  reinforcing  fibers,  this 
suggests  that  a  silicon-rich  matrix  in  a  CMC,  like  a  SiC-SiC  CMC,  would  be  ideal 
for  reducing  the  effects  of  oxidation  on  the  reinforcing  fibers,  prolonging  the  life  and 
structural  integrity  of  the  CMC.  This  study  shows  that  when  the  surface  of  the  fibers 
is  protected  from  the  active  oxidizing  species  in  steam,  the  properties  are  very  close 
to  those  in  air. 
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This  effort  determined  the  stress  rate  dependency  of  the  failure  stress  of  Hi- 
Nicalon™  S  fiber  tows  in  dry  air  and  in  silicic  acid-saturated  steam  and  calculated 
slow  crack  growth  parameters  for  these  environments.  This  has  not  been  extensively 
investigated  in  air  and  has  not  been  done  in  any  steam  environment.  This  is  the  first 
study  to  produce  the  slow  crack  growth  parameters  in  air  or  in  any  steam  environ¬ 
ment. 

The  use  of  the  Monkman-Grant  relationship  for  creep  lifetime  predictions  of  fiber 
tows  and  CMCs  has  been  widely  explored,  but  has  not  been  investigated  for  Hi- 
Nicalon™  S  fiber  tows  or  CMCs  reinforced  with  them.  In  this  study,  the  Monkman- 
Grant  relationship  was  shown  to  apply  to  Hi-Nicalon™  S  fiber  tows  and  agree  well 
with  published  work  on  similar  fibers.  This  work  is  the  first  to  investigate  the 
Monkman-Grant  relationship  for  Hi-Nicalon™  S  fiber  tows.  This  will  allow  future 
efforts  to  avoid  long-duration  creep  testing  of  fiber  tows  by  applying  the  Monkman- 
Grant  relationship  to  predict  the  results  of  such  tests.  This  may  also  be  possible  for 
CMCs  reinforced  with  Hi-Nicalon™  S  fiber  tows,  but  the  application  to  CMCs  is 
problematic  for  the  reasons  discussed. 

6.4  Recommendations  for  Future  Work 

There  are  multiple  aspects  of  this  body  of  work  that  can  be  investigated  further. 
Each  of  these  areas  should  be  pursued  in  future  work: 

•  Oxidation  of  Hi-Nicalon™  S  non-oxide  SiC  fiber  tows  at  temperatures  in  the 
range  of  400  -  700° C 

•  The  effects  of  silicic  acid-saturated  steam  on  strength  and  creep  performance 
of  Hi-Nicalon™  S  fiber  tows  at  temperatures  greater  than  800°C,  as  well  as 
oxidation  of  the  fibers  at  higher  temperatures 
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•  The  effects  of  sizing  (a  byproduct  of  manufacturing  that  coats  the  fiber  surface) 
on  the  creep  performance  of  Hi-Nicalon™  S  fiber  tows  at  elevated  temperatures 

•  Evaluate  and  guide  the  Deal-Grove  oxidation  kinetics  model  for  use  with  SiC 
fibers  using  post-test  microstructural  examination  and  analysis 

•  Investigate  the  “rogue”  fiber  phenomenon  of  limited  but  thick  crystallized  scale 
growth 

•  The  effects  of  silicic  acid-saturated  steam  on  SiC  fiber-reinforced  CMCs 

6.4.1  Oxidation  at  Lower  Temperatures. 

Current  manufacturing  techniques  for  SiC  fibers  tows  and  SiC-based  CMCs  in¬ 
clude  processing  at  temperatures  in  the  range  of  400  -  800°C.  It  is  also  known  that 
oxidation  can  cause  significant  degradation  of  SiC  fibers  in  this  temperature  range. 
Much  work  has  been  done  in  wet  and  dry  air  to  characterize  the  oxidation  kinetics 
of  SiC  fibers  in  this  temperature  range.  For  comparison  with  the  body  of  work  to 
date,  conducting  tests  in  silicic  acid-saturated  steam  in  the  range  of  400  -  700°C 
could  provide  greater  inside  into  the  oxidation  kinetics  of  SiC  fiber  tows  and  guide 
the  development  of  future  manufacturing  and  processing  methods  for  fiber  tows  and 
SiC-based  CMCs. 

6.4.2  Creep  and  Oxidation  at  Higher  Temperatures. 

The  investigation  into  the  behavior  of  Hi-Nicalon™  S  fiber  tows  at  elevated  tem¬ 
perature  should  be  continued  by  conducting  creep  tests  at  higher  temperatures  such 
as  900-1200°C.  The  test  facility  has  been  shown  to  be  capable  of  producing  steam 
and  silicic  acid-saturated  steam  at  temperatures  up  to  1000°C.  It  is  likely  that  the  fa¬ 
cility  is  capable  of  temperatures  higher  than  that  without  significant  alteration.  The 
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CX1300  heaters  are  capable  of  reaching  temperatures  up  to  1500°C.  The  alumina 
tubing  and  the  test  chamber  furnace  are  both  capable  of  temperatures  well  above 
that.  One  possible  challenge  is  that  silica  begins  to  soften  at  about  1300°C  and  melt 
at  about  1600°C.  Testing  above  1300°C  may  experience  difficulties  with  the  silica 
wool  flowing  or  partially  melting  and  pooling.  This  would  reduce  surface  area  of  the 
wool  and  possibly  reduce  the  ability  to  completely  saturate  the  steam. 

Additionally,  most  of  the  body  of  work  in  literature  that  investigated  the  Monkman- 
Grant  relationship  for  SiC  fiber  tows  was  done  in  the  range  of  1100  -  1300°C  [46,  191, 
196,  197].  Further  work  at  higher  temperatures  would  enable  a  more  direct  compari¬ 
son  of  the  Monkman-Grant  relationship  for  Hi-Nicalon™  S  fiber  tows  with  the  larger 
body  of  work. 

6.4.3  Removal  of  Sizing. 

Hi-Nicalon™  S  fiber  is  coated  by  the  manufacturer  with  a  polyvinyl  alcohol  (PVA) 
sizing  to  reduce  damage  to  the  fibers  during  handling.  PVA  is  a  synthetic  polymer 
resin  with  a  chemical  formula  of  [CH2CH(OH)]n.  It  is  a  common  textile  coating  and 
is  water  soluble.  Sizing  typically  burns  off  at  temperatures  in  the  range  of  200-500°C 
in  argon  or  air  [116],  such  that  it  is  not  present  during  tests  at  elevated  temperature. 
In  the  previous  work  of  Steffens  [1]  and  Shillig  [23],  it  was  assumed  that  the  sizing 
burned  off  during  the  temperature  ramp  up  and  heat  soak  prior  to  application  of  the 
load  for  creep  testing.  However,  microstructural  investigation  showed  some  evidence 
of  contamination,  possibly  due  to  products  of  the  sizing  burn  off. 

In  order  to  determine  the  effect  of  the  sizing  and  its  possible  contribution  to  these 
observed  contaminants,  tests  should  be  conducted  on  fiber  tows  with  and  without 
sizing.  Tests  would  be  conducted  on  fiber  tows  with  sizing,  as  in  previous  efforts, 
while  others  would  be  conducted  on  desized  fiber  tows.  Sizing  can  be  removed  by 
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boiling  in  de-ionized  water  [153,  155].  It  is  also  possible  to  burn  off  the  sizing  in  an 
inert  atmosphere,  namely  argon,  prior  to  testing.  Both  methods  should  be  thoroughly 
investigated. 

6.4.4  Oxidation  Kinetics  Model. 

Only  preliminary  results  were  available  at  the  completion  of  this  study,  which 
were  insufficient  to  confidently  determine  the  linear  and  parabolic  rate  constants 
used  to  model  oxidation  kinetics.  Further  analysis  of  the  test  data  and  that  of  tests 
in  the  temperature  ranges  recommended  above  would  provide  greater  insight  into  how 
well  the  Deal-Grove  model  predicts  oxidation  of  SiC  fibers  in  silicic  acid-saturated 
steam.  Although  it  is  possible  to  calculate  the  Deal-Grove  linear  and  parabolic  rate 
constants  from  short  and  long-term  scale  thickness  data,  additional  data  from  different 
temperatures  would  enable  the  calculation  of  activation  energies  as  well.  Also  the 
linear  and  parabolic  rate  constants  could  be  determined  with  greater  confidence  from 
a  larger  body  of  data  and  the  model  predictions  compared  with  the  experimental 
data. 

6.4.5  “Rogue”  Fiber  Phenomenon. 

An  unexplained  phenomenon  of  thick  crystallized  scale  growth  was  observed  on  a 
very  small  percentage  of  the  fibers  in  most  fiber  tow  specimens.  This  phenomenon 
should  be  investigated  further.  Samples  of  the  saturated  steam  could  be  collected  and 
analyzed  to  determine  chemical  composition,  verify  saturation,  and  identify  contam¬ 
inants,  if  any.  Additionally,  tests  at  different  partial  pressures  of  silicic  acid  could  be 
conducted  to  determine  whether  there  is  a  correlation  between  the  appearance  of  the 
“rogue”  fibers,  the  thickness  and  structure  of  the  crystallized  scale,  and  the  partial 
pressure.  Lastly,  a  thorough  examination  of  the  “rogue”  fibers  could  be  conducted 
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via  SEM  and  TEM  to  identify  differences  from  other  fibers  in  chemical  makeup  and 
determine  the  presence,  if  any,  of  inclusions  or  contaminants. 

6.4.6  SiC  Fiber-Reinforced  CMCs. 

A  next  logical  step  is  to  investigate  the  behavior  of  CMCs  reinforced  with  Hi- 
Nicalon™  S  fiber  tows,  particularly  SiC-SiC  CMCs.  As  mentioned  earlier,  it  is 
thought  that  steam  moving  along  a  crack  in  a  CMC  with  a  silicon-based  matrix  would 
become  saturated  with  silicic  acid  prior  to  reaching  the  reinforcing  fibers.  Conducting 
tests  in  air,  steam  saturated  with  silicic-acid,  and  unsaturated  steam  would  provide 
great  insight  into  the  efficacy  of  this  idea.  For  example,  if  results  were  similar  in 
saturated  and  unsaturated  steam,  it  would  indicate  that  this  thought  process  may  be 
correct.  These  results  could  be  compared  with  those  of  SiC  fiber-reinforced  CMCs 
with  an  oxide  matrix,  also.  CMCs  with  an  oxide  matrix  would  not  saturate  with 
silicic  acid,  providing  yet  another  comparison.  Creep  performance  and  oxidation  of 
these  CMCs  in  silicic  acid-saturated  steam  should  be  investigated. 
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Appendix  A.  Effective  Gauge  Lengths 


A.l  Air 


Figure  A.l.  Effective  gauge  length  and  temperature  profile  in  Air  for  400°C. 


Figure  A. 2.  Effective  gauge  length  and  temperature  profile  in  Air  for  500°C. 
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Figure  A. 3.  Effective  gauge  length  and  temperature  profile  in  Air  for  600°C. 


Figure  A. 4.  Effective  gauge  length  and  temperature  profile  in  Air  for  700°C. 
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Figure  A. 5.  Effective  gauge  length  and  temperature  profile  in  Air  for  800°C. 


Figure  A. 6.  Effective  gauge  length  and  temperature  profile  in  Air  for  900°C. 
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Figure  A. 7.  Effective  gauge  length  and  temperature  profile  in  Air  for  1000°C. 


A. 2  Steam 


Figure  A. 8.  Effective  gauge  length  and  temperature  profile  in  silicic  acid  saturated 
steam  for  400°  C. 
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Figure  A. 9.  Effective  gauge  length  and  temperature  profile  in  silicic  acid  saturated 
steam  for  500°  C. 


Figure  A. 10.  Effective  gauge  length  and  temperature  profile  in  silicic  acid  saturated 
steam  for  600°  C. 
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Figure  A. 11.  Effective  gauge  length  and  temperature  profile  in  silicic  acid  saturated 
steam  for  700°C. 


Figure  A. 12.  Effective  gauge  length  and  temperature  profile  in  silicic  acid  saturated 
steam  for  800°  C. 
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Figure  A. 13.  Effective  gauge  length  and  temperature  profile  in  silicic  acid  saturated 
steam  for  900°  C. 
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Figure  A. 14.  Effective  gauge  length  and  temperature  profile  in  silicic  acid  saturated 
steam  for  1000°C. 
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Appendix  B.  SEM  Images 


B.l  Air 


Figure  B.l.  Hi-NicalonJ  M  S  fiber  tow  untested  specimen 
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Figure  B.2.  Hi-Nicalon™  S  fiber  tow  untested  specimen 
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Figure  B.3.  Hi-Nicalon1  M  S  fiber  tow  untested  specimen 
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Figure  B.4.  Hi-Nicalon™  S  fiber  tow  untested  specimen 
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(a) 


(b) 


Figure  B.5.  Hi-Nicalon7  M  S  fiber  tow  untested  specimen 


(a) 


(b) 


Figure  B.6.  Hi-Nicalon7  M  S  fiber  tow  specimen  A12,  center  section,  (800°C, 
a  =  937  MPa,  t  =  84.3  h) 
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Figure  B.7.  Hi-Nicalon7  M  S  fiber  tow  specimen  A12,  center  section,  (800°C, 
cr  =  937  MPa,  t  =  84.3  h) 
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(e)  (f) 

Figure  B.8.  Hi-Nicalon7  M  S  fiber  tow  specimen  A12,  center  section,  (800°C, 
cr  =  937  MPa,  t  =  84.3  h) 
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(e)  (f) 

Figure  B.9.  Hi-Nicalon7  M  S  fiber  tow  specimen  A12,  center  section,  (800°C, 
cr  =  937  MPa,  t  =  84.3  h) 
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(a) 


(b) 


(c) 

Figure  B.10.  Hi-Nicalon™  S  fiber  tow  specimen  A12,  center  section,  (800°C, 
a  =  937  MPa,  t  =  84.3  h) 
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(e) 


(f) 


Figure  B.ll.  Hi-Nicalon™  S  fiber  tow  specimen  A12,  fracture  surfaces,  (800°C, 
a  -  937  MPa,  t  =  84.3  h) 
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(c) 


(d) 


(e) 


(f) 


Figure  B.13.  Hi-Nicalon™  S  fiber  tow  specimen  A12,  fracture  surfaces,  (800°C, 
a  =  937  MPa,  t  =  84.3  h) 
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Figure  B.16.  Hi-NicalonJ  M  S  fiber  tow  specimen  A15,  center  section,  (800°C, 
cr  =  798  MPa,  t  =  100  h) 


Figure  B.15.  Hi-NicalonJ  M  S  fiber  tow  specimen  A12,  fracture  surfaces,  (800°C, 
a  =  937  MPa,  t  =  84.3 
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(e)  (f) 

Figure  B.17.  Hi-Nicalon™  S  fiber  tow  specimen  A15,  center  section,  (800°C, 
cr  =  798  MPa,  t  =  100  h) 
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(a) 


Figure  B.18.  Hi-Nicalon™  S  fiber  tow  specimen  A15,  center  section,  (800°C, 
cr  =  798  MPa,  t  =  100  h) 
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(b) 


Figure  B.19.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  center  section,  (800°C, 
cr  =  1023  MPa,  t  —  16.9  h) 
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(e)  (f) 

Figure  B.20.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  center  section,  (800°C, 
cr  =  1023  MPa,  t  =  16.9  h) 
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(a)  (b) 

Figure  B.21.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  center  section,  (800°C, 
cr  =  1023  MPa,  t  =  16.9  h) 


(a)  (b) 

Figure  B.22.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  fracture  surfaces,  (800°C, 
cr  =  1023  MPa,  t  -  16.9  h) 
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(e)  (f) 

Figure  B.23.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  fracture  surfaces,  (800°C, 
<7  =  1023  MPa,  t  =  16.9  h) 
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(e)  (f) 

Figure  B.24.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  fracture  surfaces,  (800°C, 
a  -  1023  MPa,  t  =  16.9  h) 
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(c) 


(d) 


(e)  (f) 

Figure  B.25.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  fracture  surfaces,  (800°C, 
a  =  1023  MPa,  t  =  16.9  h) 


198 


(a) 


(b) 


(c) 

Figure  B.26.  Hi-Nicalon™  S  fiber  tow  specimen  A16,  fracture  surfaces,  (800°C, 
a  =  1023  MPa,  t  =  16.9  h) 
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(e)  (f) 

Figure  B.27.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  center  section,  (800°C, 
cr  =  980  MPa,  t  =  17.4  h) 
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(e)  (f) 

Figure  B.28.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  center  section,  (800°C, 
cr  =  980  MPa,  t  =  17.4  h) 
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(c) 


(d) 


Figure  B.29.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  center  section,  (800°C, 
cr  =  980  MPa,  t  =  17.4  h) 
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(e)  (f) 

Figure  B.30.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  fracture  surfaces,  (800°C, 
a  -  980  MPa,  t  =  17.4  h) 
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(a) 


(b) 


(e)  (f) 

Figure  B.31.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  fracture  surfaces,  (800°C, 
a  -  980  MPa,  t  =  17.4  h) 
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(e)  (f) 

Figure  B.32.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  fracture  surfaces,  (800°C, 
a  -  980  MPa,  t  =  17.4  h) 
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(e)  (f) 

Figure  B.33.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  fracture  surfaces,  (800°C, 
a  -  980  MPa,  t  =  17.4  h) 
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(e)  (f) 

Figure  B.34.  Hi-Nicalon™  S  fiber  tow  specimen  A17,  fracture  surfaces,  (800°C, 
a  -  980  MPa,  t  =  17.4  h) 
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6/19/2015  HV  WD 


6/19/2015  HV  WD  HFW 


6/18/2015  HV 


6/18/2015  HV  WD  HFW 


Figure  B.36.  Hi-Nicalon™ 
a  —  960  MPa,  t  =  100  h) 


S  fiber  tow  specimen  A21,  center  section,  (800° C, 


Figure  B.35.  Hi-Nicalon7^ 
C7  =  980  MPa,  t  =  17.4  h) 


S  fiber  tow  specimen  A17,  fracture  surfaces,  (800°C, 


SAS  02 


. 


20  pm 
SAS -02 


2i 


(e)  (f) 

Figure  B.37.  Hi-Nicalon™  S  fiber  tow  specimen  A21,  center  section,  (800°C, 
cr  =  960  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.38.  Hi-Nicalon™  S  fiber  tow  specimen  A21,  center  section,  (800°C, 
cr  =  960  MPa,  t  =  100  h) 
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(a) 


Figure  B.39.  Hi-Nicalon™  S  fiber  tow  specimen  A21,  center  section,  (800°C, 
cr  =  960  MPa,  t  =  100  h) 


B.2  Saturated  Steam 


(a) 


(b) 


Figure  B.40.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
a  =  2.96  MPa,  t  =  100  h) 


211 


(e)  (f) 

Figure  B.41.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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1/15/2015  del  HV  WD  mag  *  HFW 
11:25:38  AM  ETD  5.00  kV  8.4  mm  2  602  x  48 .8  urn 


20  pm 

SAS-05 


1/15/2015  del  HV  WD  mag  ■  HFW 
11:26:26  AM  ETD  5.00  kV8.4  mm  2  602  x  48 .8  ur 


20  pm 

sas  06 


(e)  (f) 

Figure  B.42.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.43.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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Figure  B.44.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.45.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.46.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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Figure  B.47.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(a) 

Figure  B.48.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  lower  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 


(a)  (b) 

Figure  B.49.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  center  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(e) 

Figure  B.50.  Hi-Nicalon7  M  S  fiber  tow  specimen  SSI,  center  section,  (800°C, 
a  -  2.96  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.51.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.52.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 


(e)  (f) 

Figure  B.53.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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224 


(e)  (f) 

Figure  B.55.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.56.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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1/15/2015  del  HV  WD  mag  -  HFW  - 50  pm -  VI 5/20 15  del  HV  WD  m»g  ■  HFW  - 50  pm  - 

7:52  PM  ETD  10.00  XV  8  9  mm  681  x  186  pm _ SAS-05 _ ^^3:08:40  PM  ETD  10.00  kV  8.9  mm  681  x  186  pm _ SAS-05 


(e)  (f) 

Figure  B.57.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(a) 


(b) 


I  1/15/2015  del  MV WD  mao  3  HFW 
|3:14  44  PM  ETD  5.00  kV  8.9  nwn  2  499  x  50.8  pm 


1/15/2015  del  MV 


I  1/15/2015  del  MV  WD  mag  • 
|3: 1 8:33  PM  ETO  5.00  KV  8.9  mm  2  498 


1/15/2015  del  MV  WD  mag  ■  MFW 


(e)  (f) 

Figure  B.58.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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Figure  B.59.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.60.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 
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(a) 

Figure  B.61.  Hi-Nicalon™  S  fiber  tow  specimen  SSI,  upper  section,  (800°C, 
cr  =  2.96  MPa,  t  =  100  h) 


(a)  (b) 

Figure  B.62.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  lower  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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Figure  B.63.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  lower  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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del  mag  HV  spot  WD  HFW  - 100  pm 

biu  SOOx  5.00  kV  5.0  7  6  mm  320  pm _ 


(e)  (f) 

Figure  B.64.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  lower  section,  (800°C, 
a  =  154  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.65.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  lower  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(c) 


(d) 


Figure  B.66.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  lower  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 


235 


(a) 


(b) 


(e)  (f) 

Figure  B.67.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  lower  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(c)  (d) 

Figure  B.68.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  lower  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 


237 


(a) 


(b) 


1/14/2015  del  HV  WD  mag  =  HR 
|4:20:29  PM  ETD  15.00  kV  10.3  mm  3  175  x  40  0 1 


1/14/2015  del  HV 


1/14/2015  del  HV  WD  mag  --  HFW 
|4:23:39  PM  ETD  15.00  kV  10  3  mm  3  175  *  40  0  pm 


1/14/2015  del  HV  WD 


(e)  (f) 

Figure  B.69.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  center  section,  (800°C, 
cr  =  154  MPa,  t  —  100  h) 
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Figure  B.70.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  center  section,  (800°C, 
cr  =  154  MPa,  t  —  100  h) 
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1/14/2015  det  HV 


1/14/2015  det  HV 


|5  04:43  PM  ETD  10  00  kV  8  4  mm  2  922  x  43  5 


1/14/2015  det  HV 


1/14/2015 


|5:09:40  PM  ETD  10  00  kV  8  3  mm  2  922  x  43  5  pm 


(e)  (f) 

Figure  B.71.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  center  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(a) 

Figure  B.72.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  center  section,  (800°C, 
cr  =  154  MPa,  t  —  100  h) 


(a)  (b) 

Figure  B.73.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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Figure  B.74.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(a) 


(b) 


(e) 


(f) 


Figure  B.75.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(a) 


(b) 


(e)  (f) 

Figure  B.76.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(a) 


(c) 


(d) 


(e)  (f) 

Figure  B.77.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(a) 


(c) 


(d) 


(e)  (f) 

Figure  B.78.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.79.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.80.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(a) 


(b) 


(c) 


(d) 


Figure  B.81.  Hi-Nicalon7  M  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(a) 


(b) 


b  ID  5  000x5.00  ItV  5  0  10  7  mm  51  2  pm 


ETD  10  000  x  5  00  KV  S  O  10  7  mm  25  6  pm 


b  ID  5  OOP  x  5.00  KV  5  0  25  2  mm  51  2  pm 


ETD  2  500  x  5.00  KV  5.0  25  2  mm  102  pm 


(e)  (f) 

Figure  B.82.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.83.  Hi-Nicalon™  S  fiber  tow  specimen  SS2,  upper  section,  (800°C, 
cr  =  154  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.86.  Hi-Nicalon™  S  fiber  tow  specimen  SS9,  center  section,  (800°C, 
cr  =  400  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.87.  Hi-Nicalon™  S  fiber  tow  specimen  SS9,  center  section,  (800°C, 
cr  =  400  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.88.  Hi-Nicalon™  S  fiber  tow  specimen  SS11,  center  section,  (800°C, 
a  -  425  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.89.  Hi-Nicalon™  S  fiber  tow  specimen  SS11,  center  section,  (800°C, 
a  -  425  MPa,  t  =  100  h) 
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(c)  (d) 

Figure  B.90.  Hi-Nicalon™  S  fiber  tow  specimen  SS11,  center  section,  (800°C, 
a  =  425  MPa,  t  =  100  h) 
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(e) 


(f) 


Figure  B.91.  Hi-Nicalon™  S  fiber  tow  specimen  SS12,  center  section,  (800°C, 
a  -  450  MPa,  t  =  100  h) 
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(e)  (f) 

Figure  B.92.  Hi-Nicalon™  S  fiber  tow  specimen  SS12,  center  section,  (800°C, 
a  -  450  MPa,  t  =  100  h) 
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(a) 


(c) 


(d) 


(e)  (f) 

Figure  B.93.  Hi-Nicalon™  S  fiber  tow  specimen  SS12,  center  section,  (800°C, 
a  -  450  MPa,  t  =  100  h) 
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(a)  (b) 

Figure  B.95.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  center  section,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(a) 


(b) 


(e)  (f) 

Figure  B.96.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  center  section,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(e)  (f) 

Figure  B.97.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  center  section,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(e)  (f) 

Figure  B.98.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  center  section,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(a) 


(b) 


(c) 


(d) 


(e)  (f) 

Figure  B.99.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  center  section,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(a) 


(b) 


(e)  (f) 

Figure  B.100.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(e)  (f) 

Figure  B.101.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(e)  (f) 

Figure  B.102.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(e)  (f) 

Figure  B.103.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(e)  (f) 

Figure  B.104.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  —  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(a) 


(b) 


(c) 


(d) 


(e)  (f) 

Figure  B.105.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  =  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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(e)  (f) 

Figure  B.106.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  =  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 


272 


Figure  B.107.  Hi-Nicalon™  S  fiber  tow  specimen  SS13,  fracture  surface,  (800°C, 
a  =  538  MPa,  t  =  76.8  h,  prematurely  terminated  due  to  power  outage) 
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